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Modeling and Simulation of Reaction Kinetics in

Advanced Resist Processes For Optical Lithography
Ph.D. Richard A. Ferguson EECS Department

ABSTRACT

A general and comprehensive methodology has been developed for the characterization,
modeling, and simulation of advanced technologies and complex resist materials for optical
lithography. The foundation of this methodology is the new lithography simulation program,
SAMPLE-ARK, which simulates reaction kinetics and diffusion, and their effect upon chem-
ical species concentrations within the resist, during post-exposure processing. The imple-

mentation of fundamental mechanisms such as multiple chemical reactions, simultaneous
reaction-diffusion, concentration-dependent diffusion, diffusion from outside sources, and
multiple species dissolution rate expressions has resulted in a general purpose line-edge pro-
file simulator that has demonstrated the capability of simulating a wide range of complex
resist technologies including image reversal, chemical amplification, and silylation pro-

cesses.

In order to develop mechanistic resist models for simulation in SAMPLE-ARK, material
characterization techniques have been evaluated and refined for monitoring the resist behav-
ior during the exposure, post-exposure bake, and development steps. These techniques
include measurements of optical transmission, FTIR spectroscopy, and interferometry. New
modeling software has been written to facilitate the conversion of experimental data to mech-
anistic models. These programs range from quantitative FTIR analysis tools to parametér

extraction routines for fitting kinetic models to exposure and bake data.



The validity of this methodology has been confirmed through the systematic application
to two state-of-the-art deep-UV chemical amplification resists. Predictive models as well as
an increased understanding of the important factors that affect the performance of these
resists have resulted. For Shipley SNR 248, an acid hardening resist, monitoring of the
crosslinking reaction with FTIR spectroscopy lead to the development of a kinetic post-expo-
sure bake model that required an acid loss mechanism to account for quenching of the
crosslinking reaction. The derivation of a dissolution rate expression based upon crosslink-
ing-induced molecular weight variations accurately described the development data. For an
AT&T t-BOC resist, the resist behavior depended strongly upon chemical composition. Use
of an onium salt acid generator minimized sensitivity to the bake conditions as a result of
acid loss during the bake. Increasing the loading of either the onium salt or the tosylate acid

generator provided improved resist contrast.
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CHAPTER 1

INTRODUCTION

1.1 SIMULATION OF LITHOGRAPHY

During the optical lithography step of integrated circuit (IC) manufacturing, a mask pat-
tern comprised of dark and clear areas is transferred to a photosensitive layer on the wafer
surface called a photoresist through the use of imaging optics. This pattern transfer process
has become one of the most critical steps in determining both yield and cost during IC manu-
facturing. The need for smaller device dimensions to increase circuit speed and to reduce
chip size continues to push the lithographic process well into the submicron regime. The
complexity of IC’s, which typically require more than ten masking levels, demands accurate
and reliable pattern transfer to obtain functioning circuits at a high yield. These stringent
demands necessitate a complete understanding of the lithographic process. This understand-
ing must encompass thé complex issues associated with the exposure tool, the resist material,
and their interaction. However, balancing the many and complex trade-offs between litho-
graphic processing parameters can become both time consuming and prohibitively expen-

sive.

Simulation has become a valuable tool in IC manufacturing. Simulation of standard IC
processes such as oxide growth, dopant distribution during implantation and diffusion, and
metal deposition over topography continues to demonstrate the viability of simulation as a
powerful, fast, and low-cost tool to the process engineer. In lithography, currently available
simulation programs such as VSAMPLE [1] possess the power and flexibility to evaluate and
optimize a variety of lithographic processes. With the abundance of equipment, material, and

environmental parameters that affect the pattern transfer process, simulation is ideally suited



for isolating and understanding the fundamental effects of individual process parameters on

the final resist images obtained on the wafer.

Dill and his co-workers pioneered the field of lithography simulation with their series of
ground-breaking papers in 1975 [2]-[4]. In their approach, lithography simulation, as shown
in the schematic of Figure 1.1, can be broken into two basic components: simulation of the
exposure tool and simulation of the resist. In order to simulate the exposure tool, the aerial
image distribution obtained from the imaging optics that impinges upon the resist-coated
;vafer is calculated. Initial efforts in calculating the aerial image used diffraction-limited
optics to determine the intensity distribution for one dimensional mask patterns on a UV
stepper [4]. Since that time, other complex and diverse issues in image simulation such as
defocus and partial coherence [5]-[7], aberrations [8][9], two dimension mask structures [9]-
[11], and phase shift masks [12][13] have been addressed. Furthermore, non-optical tools
such as e-beam [14][15], X-ray [16][17], and ion beam machines [18][19] have been suc-
cessfully simulated.

Following the simulation of the exposure tool, resist simulation converts the calculated
aerial image to a resist structure on the wafer which acts as a masking layer for the process
steps that follow. Calculation of this resist structure typically requires simulation of two pro-
cess steps: the exposure and the df:veloprnent’r of the resist. Exposure by the illumination
energy causes the resist to undergo chemical changes. The extent of these chemical changes
determines the resist dissolution rate during development. Calculation of the chemical
changes that occur during the exposure, and the corresponding dissolution rates during devel-

opment, leads to a comprehensive model of the resist behavior for simulation.

t. The development may be a standard wet development process or a dry development process such as the oxygen
plasma etch used in silylation.



In the field of resist modeling and simulation, Dill et al. proposed the first quantitative
model for the exposure and development of a class of positive resists that use a diazonaptho-
quinone as the photoactive compound, a resist technology that has dominated the IC industry
since the 1960°s [3]. This work still serves as a guideline for much of the effort in resist
modeling to date. Chapter 2 provides a detailed historical perspective of the evolution of

resist modeling and simulation since this original work.

Dill et al. also simulated the final resist development profiles by combining the resist
model with aerial image calculations [4]. This basic approach for the complete simulation of
optical lithography eventually inspired SAMPLE, a simulation program for lithography and
etching, developed at the University of California at Berkeley in 1977 [1]. Since that time,
other programs have demonstrated success in lithography simulation [20]-[28] including pro-
grams that perform a more rigorous electromagnetic calculation that combines the optical

imaging with the resist exposure to simulate specific applications such as high numerical

apertures and substrate topography [29]-[31].
1.2 ADVANCES IN RESIST TECHNOLOGY

For many years, the diazo-type resists have remained the dominant resist technology
because they have provided the IC industry with high resolution and sensitivity, good etch
resistance, and relatively simple processing requirements. In addition, the chemistry of the
diazo-type resists was easily adapted as the wavelength of exposure tools decreased from g-
line (436 nm) to i-line (365 nm) for increased resolution. Formulations of diazo-type resists
for i-line lithography now demonstrate the ability to produce linewidths down to 0.5 tm in a

manufacturing environment.

As the demands on lithography continue, however, a multitude of new resist materials

and processes have begun to rival the diazo-type resists for use in the submicron regime.



These new resist technologies often require a variety of sophisticated processing techniques
and chemistries previously unseen with standard diazo-type resists. Some of these new pro-
cesses use a modification of diazo-type chemistries to extend their limitations. For example,
image reversal resists have demonstrated increased flexibility and resolution by converting

the diazo-type resist tone from positive to negative [32].

As the exposure wavelength continues to decrease beyond i-line into the deep-UV
(248 nm and 193 nm for example), however, the diazo-type resists become too absorbing to
reproduce small features with low exposure energies. Resist materials that combine chemi-
cal amplification with more transparent resin materials have recently demonstrated high res-
olution in the range of 0.25 to 0.5 pm with exposure doses below 50 mJ/cm? in the deep-UV
[33]-[35]. In chemical amplification, acid generated upon exposure catalyzes a reaction dur-
ing the subsequent post-exposure bake. The extent of this acid catalyzed reaction determines
the dissolution rate during development. Both positive and negative tone formulations have

been proposed with chemistries that vary markedly from diazo-type resists.

Another resist technology, silylation [36], addresses the depth-of-focus problems associ-
ated with substrate topography and thus may be expected to produce linewidths below
0.25 pm for deep-UV exposures. The silylation process selectively introduces silicon con-
taining compounds into the resist following exposure. This is followed by an oxygen plasma
etch which creates a silicon dioxide barrier protecting the underlying resist in the silicon con-
taining regions. Resists ranging from diazo-type resists [37] to chemical amplification resists

[38] have been successfully silylated.

Because of the added complexity contained in these new resist technologies including
additional process steps and new chemistries, simulation has become even more valuable in

gaining a comprehensive understanding necessary for the development of an optimal resist



process. Unfortunately, current resist models and simulation tools do not have the capability
and breadth to accurately predict the behavior of these new resists. More sophisticated mod-
els and extended simulation tools must be developed to keep pace with current trends in

resist technology.

1.3 A GENERAL APPROACH TO RESIST MODELING AND SIMULATION

A complete and working resist model should accurately predict the behavior of a resist
under a variety of processing conditions. Several alternative approaches can successfully
accomplish this goal. The simplest method, both conceptually and in practice, consists of
relating measurements of observable resist behavior to a set of processing parameters
through a purely empirical expression. This resist-specific method can lead to the rapid com-
pletion of a working model, but provides little useful information about the actual mecha-
nisms involved in determining the resist performance. With the multitude and complexity of
new resists whose lithographic performance must be evaluated, this type of fundamental
understanding of basic resist mechanisms has become an essential ingredient in the diagno-

sis, optimization, and comparison of advanced resist technologies.

In this thesis, a mechanistic approach has been used to construct a general and compre-
hensive methodology for the characterization, modeling, and simulation of advanced resist
technologies. This methodology is described by the schematic diagram of Figure 1.2. The
central aspect of this methodology is a new lithography simulator, SAMPLE-ARK, which
simulates the basic chemical and physical changes the resist undergoes during processing.
This new program provides the capability of simulating a large class of advanced resist tech-
nologies including image reversal, chemical amplification, and silylation. A comprehensive
set of characterization techniques and modeling software has also been established for moni-
toring the resist behavior during processing and for converting the data into mechanistic
resist models for simulation in SAMPLE-ARK.

5



The methodology has been verified through a complete modeling study for two state-of-
the-art, deep-UV chemical amplification resists. Through the application of this methodol-
ogy, predictive models have been developed for simulating the behavior of these resists over
a variety of processing conditions. In addition, this general approach has led to a more in-
depth understanding of the basic mechanisms which affect the overall performance of chem-

ical amplification resists.
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Figure 1.1: Schematic of optical lithography simulation.
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Figure 1.2: A general framework for the characterization, modeling, and simulation of
advanced resist processes.
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CHAPTER 2

EVOLUTION OF RESIST MODELING AND SIMULATION

Modeling and simulation can provide both an accurate prediction of resist behavior as
well as valuable information concerning the fundamental mechanisms that affect the resist
performance. Initial models described the behavior of diazo-type resists. Recently, complex
kinetic models have been proposed for more advanced resist technologies such as image
reversal, cherpical amplification, and silylation. Simulation programs provide an interface to
these mathematical models and have proven to be a valuable tool in the evaluation and
optimization of a variety of resist technologies. This chapter presents the evolution of resist
ﬁlodeling and simulation from its initial beginnings to its current state. This evolutionary
process ha:s led to the development of a general methodology for the characterization,

modeling, and simulation of advanced resist technologies.
2.1 MODELS FOR DIAZO-TYPE RESISTS

Diazo-type resists have been the mainstay of the photolithography field since the 1960’s.
Exposure of the resist to UV wavelengths in the range of 350 to 450 nm produces a positive
tone image of the mask pattern. The diazo-type resists have achieved success as a result of
good resolution and high etch resistance for use with g-line (436 nm) photolithography.
Recently, tuning of the resist chemistry has produced high-resolution i-line resists that are
capable of replicating feature sizes down to 0.5 pm. Most of the effort in resist modeling and

simulation to date has concentrated on this positive resist technology.
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2.1.1 Overview of Diazo-type Resist Chemistry

The diazo-type resists are composed of two essential components: a base resin and a
photoactive compound (PAC). The resin is typically a low molecular weight novolac
polymer whose structure is shown in Figure 2.1. The novolac resin alone dissolves readily in
aqueous alkaline developers such as KOH. However, the photoactive compound, a
diazonapthoquinone, acts as a dissolution inhibitor. Combining the PAC with the resin in

sufficient quantities can substantially reduce the dissolution rate.

The PAC is sensitized to UV radiation, and will undergo a transition from the
diazonapthoquinone to indene carboxylic acid (ICA) with the evolution of nitrogen gas as a
side product. This photolytic reaction is shown in Figure 2.2. Once the PAC has been
destroyed through exposure, the resist become soluble once again in the developer
Consequently, as a result of the dissolution-inhibition properties of the PAC, the resist
develops from the wafer where exposed (in the clear regions of the mask), and thus acts as a
positive resist. The ratio between development rates in the exposed and unexposed regions

of the resist can be as high as a factor of about of 10*.
2.1.2 Modeling the Exposure

Dill and his co-workers proposed a model for the exposure of diazo-type resists in terms
of the illumination intensity and the PAC concentration within the resist [1]. In this model,

the intensity distribution for an optically matched substrate is given by:

al (z,
__(azz_‘) = —I(z,t) [AM (2,t) +B] [2.1]
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where I is the illumination intensity, M is the normalized concentration of PAC, z is the depth

into the resist, and t is the exposure time. The destruction of PAC is described by:

oM (z, 1)

——-a—t— = -] (z, t) M(Z, t) C [2'2]

The A, B, and C parameters of equations [2.1] and [2.2] depend on the particular resist being
used’ and are typically referred to as Dill’s ABC parameters.

Equation [2.1] has its origin in the Lambert-Beer Law in which the rate of change of the
intensity is proportional to the intensity itself through an absorption coefficient, o. The
resist, in the Dill model, has an absorption coefficient that depends linearly on the PAC
concentration such that . = AM + B. Before exposure (M = 1), the absorption coefficient is
given by a = A+ B, while when the resist is fully exposed (M = 0), the absorption
coefficient becomes o = B. For the positive values of A obtained for diazo-type resists, the
absorption coefficient decreases with increasing exposure causing the resist to bleach. For
this reason, A and B are typically referred to as the bleachable and nonbleachable parts of the
absorption coefficient. The photolytic conversion of the PAC to ICA produces this bleaching

phenomenon.

Equation [2.2] describes the rate of PAC destruction and has its basis in the kinetics of
photolytic reactions. In this equation, the rate of PAC destruction is proportional to both the
concentration of PAC as well as the illumination intensity through a rate coefficient, C,
typically referred to as the bleach rate. The inverse of the C parameter provides information
about the photo-speed of the reaction. Typically, C is greater than 0.01 cm?/mJ for diazo-

type resists resulting in sensitivities less than 100 mJ/cm?.

. These parameters also depend on the pre-exposure bake treatment.
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The change in the absorption coefficient due to the PAC destruction affects the resist
transmission during exposure. From equations [2.1] and [2.2], the transmission of the resist

on a matched substrate is given by:

d
T(f) = exp[—j {AM (2,1 +B}dz] [2.3]
0

where d is the thickness of the resist film. This change in transmission provides a practical
method for extracting the ABC parameters. Chapter 5§ describes in detail the procedure
involved in monitoring the resist transmission and the subsequent determination of the ABC

parameters from the results.

Figure 2.3 shows the simulated transmission of KTI 820 resist on a matched substrate
using A = 0.49 pm’!, B = 0.031 pm™}, C =0.0125 cm?*/mJ and a film thickness of 1 pm. The
bleaching of the resist is clearly demonstrated in this plot by the exponential increase in the

transmission with increasing exposure doses.

The Dill model has also been used to describe the exposure for several variations to the
standard diazo-type resist process. The addition of an absorbing dye to reduce standing wave
effects has been modeled as an increase in the nonbleachable absorption parameter, B [2][3].
Shacham-Diamand used a second set of ABC parameters to describe the observed darkening

reaction in the novolac resin when diazo-type resists are exposed at 248 nm [4].

2.1.3 Modeling the Post-Exposure Bake

The use of a bake step following the exposure of diazo-type resists tends to reduce
unwanted standing wave effects that result from substrate reflections and thus results in
enhanced process latitude [S]. It has been theorized that this post-exposure bake diffuses the

PAC within the resist [5][6]. Consequently, several methods have demonstrated success in
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modeling this post-exposure bake effect as a diffusion-controlled redistribution of the PAC

following the exposure [7][8].
2.1.4 Modeling the Development

The chemistry of the resist dissolution process is a more complex problem to address.
The rate of dissolution depends on many factors including the structure and molecular weight
of the novalac resin, the PAC and ICA concentration, and the concentration and type of
cations and anions in the developer. During the dissolution process, the developer penetrates
the resist surface, reacts with the novolac resin, and finally removes the reacted molecules
into the developer solution [9]. The PAC acts to inhibit this dissolution process. For diazo-
type resists, the rate of dissolution is determined by the events near the surface of the resist
only.” With sufficient developer flow, the developer concentration near the resist surface
remains constant, and the dissolution rate depends primarily on the PAC concentration for a

given developer solution.

Even with the above assumptions, the development process is extremely complex aﬁd not
well understocd. Therefore, many proposed dissolution models simply relate the dissolution
rate to the PAC concentration through empirical or semi-empirical functions. Dill et al. first
proposed such an approach for modeling resist dissolution in conjunction with the ABC
exposure model [1]. They found a good fit to the experimental data occurred using an

expression given by:

Rate (M) = exp (E, + E,M + E;M?) [2.4]

where M is the normalized concentration of PAC and E,, E,, and E; are the model fitting

parameters.

. For some negative resists, the dissolution rate is controlled by the rate of gel formation as the solvent penetrates the
resist. .
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Kim et al. also suggested a development model relating the dissolution rate to the PAC
concentration [10]. In addition, they also observed that, for some resists, the dissolution rate
slowed considerably at the initial resist surface when compared with the bulk. They
proposed a depth-dependent expression with six fitting parameters to account for this surface
inhibition phenomenon. In this model, the dissolution rate in the bulk of the resist is given

by:

[2.5]

—Ry(1-M) -R,(1-M)7"}
1- (M- ) M. }
R (M) =[ +
R, R,

where R is the dissolution rate in the bulk and R;, Ry, and R are three of the model fitting

parameters.

The surface inhibition effect was incorporated in the model through a multiplicative term
which decays exponentially with depth into the resist. As a result, the complete dissolution

rate expression as a function of depth and PAC concentration is given by:
Rate (z, M) = R(M) {1- [1- (Rs~ (Rs~Rg) M) exp(~2z/R,)} [2.6]

where z is the depth into the resist, Ry is the characteristic depth of the surface inhibition
effect, and Rs and R are the ratio of the surface dissolution rate to the bulk dissolution rate

for the fully exposed and unexposed resist, respectively.

Figure 2.4 shows the fit of the Kim model to experimental dissolution rate data for KTI
820 resist obtained through interferometric measurements with the Perkin-Elmer
Development Rate Monitor (DRM) [11]. The two curves in Figure 2.4 correspond to the
dissolution rate in the bulk (z>>R,) and at the surface of the resist (z = 0) using equation
[2.6]. The best fit to the data occurred with R; = 0.1143 pm/sec, R, = 0.001683 pm/sec, R3
=4.667, R4 =0.10 um, Rs = 0.45, and Rg = 0.30.
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Alternative approaches based more heavily on development mechanisms and dissolution
kinetics have also achieved some success in describing the resist dissolution process.
Quantitative models for use in simulation have resulted from the derivation of alternative
semi-empirical or mechanistic functions relating dissolution rate to PAC concentration [12]-
[15], the application of percolation theory to dissolution simulation [16]{17], the examination
of developer effects on the dissolution [18][19], and the study of the exposure and dissolution
mechanisms for polyfuhctional PAC inhibitor molecules [20]. In addition, other
contributions have extended the understanding of the kinetics of novolac resin dissolution
and PAC inhibition [21]-[30]. The variety and breadth presented by this substantial
collection of research clearly demonstrates the complex nature of resist dissolution. Further
work is still required to extend this knowledge into a complete and quantitative model that

dccurately describes observed dissolution phenomena for use with simulation programs.

2.2 MODELS FOR ADVANCED RESIST TECHNOLOGIES

While the majority of modeling efforts have concentrated on the diazo-type resists,
several advanced resist technologies such as image reversal, chemical amplification, and
silylation have recently begun to receive considerable attention. All of these technologies
require additional post-exposure processing, referred to simply as a post-exposure bake,
which must be accounted for in any modeling scheme. Recent modeling approaches for
these technologies have tended to stress the fundamental mechanisms that determine the
resist behavior and have used a variety of characterization techniques ranging from single
performance parameter measurements to the individual characterization of each process

step.
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2.2.1 Models for Image Reversal

In one type of image reversal process [31], the use of an additional post-exposure bake
and flood exposure converts the tone of diazo-type resists from positive to negative (see
Chapter 4 for details). Klose ez al. modeled the kinetics of the post-exposure bake and flood
exposure using characteristic curve measurements of resist thickness versus exposure dose
and proposed an analytical model relating the resist line-edge slope to various resist
properties and processing parameters [32]. The model accurately predicted the patterning
and flood exposure conditions under which the resist line-edge slope would change from
negative to positive. Ziger and Mack assumed simplified kinetics during the post-exposure
bake and flood exposure to simulate the latent image of inhibitor concentration within the
resist [33]. Using this model, they demonstrated that overexposure in image reversal
processes leads to resolution enhancement through an increased slope in the latent image at
the mask edge. Visser et al. used a new program called SLIM to simulate the latent image
for an image reversal process and to search for the optimal flood exposure dose [34]. This
program was also used to simulate several other advanced technologies including built-in

mask and image reversal with two image-wise exposures.
2.2.2 Models for Chemical Amplification

Chemical amplification resists use an acid catalyzed reaction during the post-exposure
bake to achieve high sensitivities. Various resist chemistries have produced both positive and

negative tone resists with chemical amplification (see Chapters 6 and 7).

Several kinetic studies have been performed on one such resist for the deep-UV, Shipley
SNR 248 acid hardening resist [35]. Using measurements of characteristic curves and resist
sensitivity for an early version of SNR 248, Seligson er al. demonstrated that a reciprocity

existed between the exposure dose, the bake temperature, and the bake time and expressed
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this reciprocity mathematically as an “effective dose” [36]. Fukuda and Okazaki performed
dissolution rate measurements [38] while Ziger er al. used measurements of the characteristic
curve [39] in order to model the kinetics of the crosslinking reaction and to generate

quantitative models for use with simulation.

Chemical amplification resists are not designed exclusively for the deep-UV. For an X-
ray resist with chemical amplification, Dammel et al. derived a kinetic model for the acid
catalyzed destruction of a dissolution inhibitor based on UV spectroscopy measurements
during the exposure/bake step [40]. Barouch et al. developed a complete model for the
simulation of an i-line acid hardening resist [41].

2.2.3 Models for Silylation

Silylation processes take advantage of the selective incorporation of silicon into a
shallow layer at the resist surface to obtain a large depth-of-focus with little or no sensitivity
to substrate topography (see Chapter 4 for details). Reuhman-Huisken et al. used resist
swelling and RBS measurements t6 model the silicon uptak? and then combined this result
with etch rate experiments to simulate the final resist images obtained using the DESIRE
process [42]. Bauch ez al. also developed a quantitative model for the simulation of DESIRE
including a mathematical description of the silylating agent diffusion coefficient and its

dependence on PAC concentration [43].
2.3 RESIST SIMULATION

Simulation programs provide a convenient interface between the user of the program and
the mathematical models that describe the resist behavior. Several programs have been
written for the simulation of optical Hﬂnograpﬁy (see Chapter 1). The following section

demonstrates the use of lithography simulation through the description of one such program,

SAMPLE.



2.3.1 Simulation with SAMPLE

Since its conception in 1977 at the University of California at Berkeley, the SAMPLE
program (Simulation And Modelling of Profiles in Lithography and Etching) [44] has
provided a powerful tool for IC manufacturing. The scope of the program has grown to
include a wide range of IC processes such as optical, e-beam, x-ray, and ion beam
lithography, wet and dry etching, and deposition of metals and insulators [7]. In optical
lithography, SAMPLE presents a low-cost aid for the in-depth analysis, evaluation, and

optimization of diazo-type resist processes.

The Dill model of equations [2.1] and [2.2] provides the basis for the numerical
algorithm that simulates resist exposure in SAMPLE. The program first divides the resist
film into a number of homogeneous vertical layers. The configuration of the resist film for
the exposure algorithm is shown in Figure 2.5. Each layer is defined by an average PAC
concentration, and thus an absorption coefficient, o(t) = AM;(t) + B. A rigorous routine for
thin-film stack computations by Bemning calculates the average intensity in each layer for
each incremental time step [45]. The PAC concentration in each layer is then updated using
the kinetic expression of equation [2.2]. The calculation of the normalized PAC

concentration, M, for a given time step is given by:
M;(t+ A1) = Mexp [-CI; (1) Ar] [2.7]

This routine is repeated until the appropriate exposure dose is obtained. Figure 2.6 shows a
simulation of constant PAC contours in KTI 820 resist following exposure for a line-space -

grating pattern with a 2.6 um pitch using the ABC parameters given in section 2.1.2.

Simulation of the development step follows the exposure. First, the local PAC
concentration is converted to a dissolution rate at each point in the resist using one of the

development models of Section 2.1.4. SAMPLE implements both the Dill model of equation
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[2.4] as well as the Kim model of equation [2.6]). A routine called the string algorithm
advances the resist surface during development [46]. A pictorial description of the string
algorithm is shown in Figure 2.7. In this routine, the surface of the resist is delineated by a
string of points with interconnecting segments. During each time step of the numerical
algorithm, the segments on the string advance by an amount determined by the dissolution
rate at that point in a direction perpendicular to the surface. Delooping routines remove the
non-physical looping of segments that occur with this type of surface motion algorithm when

the string moves through regions of non-uniform dissolution rates.

Combining the simulations of the aerial image, the exposure, and the development
produces two-dimensional resist development profiles in SAMPLE. Simulated development
profiles for KTI 820 resist using the Kim development model with the R parameters given in
section 2.1.4 are shown in Figure 2.8 for a line-space grating pattern with a 2.6 pm pitch.
Profiles are shown for three cases: best exposure and focus, 22% underexposure, and best
exposure with 3 um of defocus. These simulations correspond to the three SEM pictures
shown in Figure 2.9. The excellent correlation obtained between the simulation and the
experimental results provides a good example of the successful application of lithography

simulation using accurate, quantitative resist models.
2.4 A GENERAL MODELING AND SIMULATION METHODOLOGY

A comparison between the advances in resist technology discussed in Chapter 1 and the
current trends in the modeling and simulation of these technologies provides a valuable
perspective for future directions. The use of more complex resist materials and processes to
address problematic areas of optical lithography has made the development of accurate resist
models much more difficult. Because of the additional complexity associated with new
technologies, modeling trends have moved towards more mechanistic approaches in order to
gain a better understanding of the factors that affect the resist behavior. While a variety of
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experimental methods have been used for obtaining quantitative data, resist characterization,
in general, has tended to emphasize the use of single-step data collection techniques in which
overall performance parameters such as the sensitivity and contrast are measured. Complete
resist models describing the entire process are then backed out from the final experimental
results. While this approach provides a rapid method for quantifying resist behavior and for
understanding the effects of various process parameters on resist performance, it can
sometimes lead to oversimplified models without direct verification of the actual changes
occurring within the resist during each process step. Therefore, the work present here
emphasizes the use of characterization techniques for separately monitoring each individual

process step.

Many aspects of current modeling and simulation techniques extend to more complex
resist technologies while other aspects require further generalization. Figure 2.10 presents a
general methodology for the characterization, modeling, and simulation of advanced resist
technologies which builds upon the established methods for diazo-type resists. The
foundation of this methodology, the SAMPLE-ARK simulation tool, combines mechanistic
resist models describing each process step for the simulation of resist line-edge profiles. In
general, the modeling approach and characterization techniques for diazo-type resists are
extendable to the exposure and development of more advanced resist technologies. The
difficulty for these technologies lies in the characterization and the modeling of the
fundamental changes that occur during the post-exposure bake. FTIR spectroscopy provides
the capability of monitoring specific chemical bonds within the resist as the bake progresses.
As a result, this technique can be applied to the characterization of a wide range of advanced
resist technologies. Once the bake has been characterized, kinetic models can be fit to the

experimental results. The following chapters describe in detail the extension of current



characteﬁzation, modeling, and simulation techniques for the implementation of this new

methodology.

s
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Figure 2.1: Chemical structure of the novolac resin used in diazo-type resists
OH OH
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Figure 2.2: The photolytic reaction ‘in diazo-type resists converting the photoactive
compound (PAC) to indene carboxylic acid (ICA)
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Figure 2.3: Simulated transmission characteristic of KTI 820 resist with a film thickness of
1 pm and A =0.49 pm!, B = 0.031 pm'!, and C = 0.0125 cm?/mJ.
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Figure 2.4: Comparison of the Kim model with experimental measurements of dissolution
rate versus PAC concentration for KTI 820 resist.
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Figure 2.5: Configuration of the i layer in the resist film at time, t, in the SAMPLE
exposure algorithm.

Figure 2.6: Contours of constant PAC concentration in KTI 820 resist for a 99 mJ/cm?
exposure dose. The mask pattern is a line-space grating with a 2.6 pum pitch.
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Figure 2.7: Depiction of the string algorithm used in the development routine of SAMPLE.
The points on the string move perpendicular to the resist surface an amount
proportional to the dissolution rate at that point.

DEVELOPER

Figure 2.8: Simulated development profiles of KTI 820 resist using a line-space grating
pattern with a pitch of 2.6 um. Results are shown for a) a nominal dose of 99
mJ/cm?, b) 22% underexposure, and c¢) nominal dose with 3 pum defocus.
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Figure 2.9: SEM pictures of KTI 820 resist using a line-space grating pattern with a pitch
of 2.6 pm. Results are shown for a) a dose of 99 ml/cm2, b) 22%
underexposure, and c) with 3 pm defocus. Reprinted from reference [47].
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Figure 2.10: A general methodology for the characterization, modeling, and simulation of
advanced resist technologies.
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CHAPTER 3

THE SAMPLE-ARK PROGRAM

A new lithography simulation program, SAMPLE-ARK, has been developed for the sim-
ulation of advanced resist technologies. This program, an extension of SAMPLE [1], simu-
lates the chemical and physical changes that the resist undergoes during post-exposure
processing (referred to here as a post-exposure bake). The user describes the post-exposure
bake for a particular resist process in terms of the chemical species present within the resist
and the basic mechanisms which modify their concentrations such as chfmica}lw reactions and
diffusion. The program tracks the local concentration of these species as the bake progresses.
At the conclusion of the bake, the dissolution rate can be expressed as an algebraic function
of any species concentrations within the resist. This new program encompasses a wide vari-

ety of new and complex resist processes such as image reversal, chemical amplification, and

silylation as will be demonstrated in Chapter 4.
3.1 INTRODUCTION

Current simulation tools have not kept pace with the recent influx of new technologies
and complex resist materials for photolithography. The successful application of simulation
to the understanding and optimization of resist processes such as image reversal, chemical
amplification, and silylation requires the extensive modification of current simulation tools
to include new and complex models that describe the resist behavior. The nature of these
resist models dictate the requirements placed on the simulation tools to achieve the accurate

simulation of both present and future resist technologies.
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3.2 SIMULATION TOOL REQUIREMENTS

Several distinct approaches exist for extending current simulation tools. In perhaps the
simplest approach, specific medifications are made to the program for each resist process
that requires simulation. While this method can achieve both accurate and reliable results,
repeated application for each new process can lead to excessive overlap. In a better strategy
for the long term, common process attributes are used to develop a more general tool which

can simulate a wider variety of resist processes.

While at a first glance, these new resist technologies differ significantly in many
respects, several important similarities do exist between them that provide a strong base for
the development of a general simulation program. Many of them follow a common process
sequence consisting of exposure, post-exposure processing, and development. During the
post-exposure processing, which for simplicity will be referred to here as a post-exposure
bake, the resist undergoes critical chemical and physical changes which are fundamental to
the resist performance. Current simulation tools, as shown previously in Figure 1.1, success-
fully simulate the exposure and development of diazo-type resists. In general, this simula-
tion capability also applies to the exposure and development of more complex resist
processes. Consequently, programs designed for diazo-type resists can be adapted for more
advanced resist processes by including the simulation of the changes that occur within the

resist during this additional post-exposure bake.

The basic chemical and physical mechanisms which determine the resist behavior during
the post-exposure bake are also common to most resist processes. These mechanisms
include chemical reactions and diffusion. Therefore, by including the simulation of a post-
exposure bake in terms of these basic chemical and physical mechanisms, current simulation
tools can be extended to encompass a wide variety of complex resist processes. In addition,
by extending in this generalized manner through the use of mechanistic post-exposure bake
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models, a simulation tool will not only be applicable to current resist technologies such as
chemical amplification, image reversal, and silylation, but will also contain sufficient flexi-

bility to simulate even future resist technologies with little or no change to the program code.
3.3 OVERVIEW OF SAMPLE-ARK

The approach outlined above has been used in the de\?elopment of a general resist simu-
lation tool, SAMPLE-ARK, or SAMPLE with Advanced Resist Kiﬁetics. This program, a
modification of SAMPLE [1], simulates the reaction kinetics and diffusion that occur during
post-exposure processing of advanced resist technologies. Figure 3.1 shows a schematic of
resist simulation using SAMPLE-ARK. The exposure and development routines of SAM-
PLE remain intact while a new bake routine has been included for simulation of the post-

exposure bake.

3.3.1 SAMPLE-ARK Capabilities

The additional bake routine tracks the local concentration of up to ten chemical species
throughout the resist as the bake progresses.'r These species interact with one another through
an unlimited number of user-defined chemical reactions. In addition, each of these species
may also diffuse within the resist with either a constant or a concentration-dependent diffu-
sion coefficient. Modification to the diffusion boundary conditions results in the ability to
diffuse different chemical species into the resist from outside sources. Finally, the program
allows for user-defined algebraic manipulation of species concentrations using a variety of
mathematical operators. With this capability, dissolution rate models can be provided
directly in the input to the program in terms of any chemical species concentrations within

the resist.

+. A maximum number of ten chemical species was selected since it was felt that this number would be sufficient for
simulating most resist processes of interest. This value can be increased quite easily by the user if necessary.
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The diversity presented by this mechanistic-based, post-exposure bake description allows
for the simulation of a large class of advanced resist processes without program modifica-
tions. Chapter 4 demonstrates this flexibility with three different resist examples: image
reversal, chemical amplification, and silylation. The general nature of the input description
using reactions and diffusion should, m fact, make SAMPLE-ARK easily extendable to |

future resist technologies that have yet to be invented.

3.3.2 Systems View Of SAMPLE-ARK

The operation of the new ARK bake routine can also be understood from a systems view-
point. The system is comprised of a number of chemical species within the resist. The con-
centration of these species are the state variables of the system. The concentration of all of
the chemical species combine to form the state vector, C(t), a mathematical description of
the state of the system at any given time. Different stimuli such as exposure energy and bake
temperature drive the system and cause the state of the resist to change. The simulation of a
single process step involves the calculation of the resist state following completion of that

process step.

Figure 3.2 presents a diagram of this systems viewpoint of SAMPLE-ARK in terms of
the state variables, transitions, and stimuli for the exposure, post-exposure bake, and devel-
opment simulation in SAMPLE-ARK. The circles in this diagram represent the state vari-
ables, or the species concentrations, within the system. The arrows between the circles
denote chemical transitions between various state variables which are driven by external
stimuli. During the exposure, the illumination energy stimulates the transition between two
state variables of a simple photolytic reaction. For a diazo-type resist, these two state vari-
ables correspond to the concentrations of PAC and ICA. Alternatively, in an acid catalyzed
resist system, they represent the concentrations of the acid generator and the photo-generated
acid.
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During the post-exposure bake, the state of the resist changes through chemical reactions
driven by the bake temperature. Figure 3.2 depicts two of these chemical reactions. The
transitions between the state variables are described mathematically by the kinetic equations
for these chemical reactions. In Figure 3.2, the reaction on the left corresponds to a simple
first-order reaction while the reaction on the right represents a more complex, catalytic reac-
tion. In addition to the chemical reactions, diffusion during the bake modifies the spatial dis-
tribution of the state variables. Finally, during development, the dissolution rate is expressed
as a function of the state variables within the resist following the bake as shown in Figure

3.2.

3.3.3 SAMPLE-ARK Operation

Figure 3.3 shows a flow diagram of SAMPLE-ARK operation during the simulation of a
post-exposure bake process. The simulation begins with the exposure of the resist using the
standard SAMPLE exposure routine. Following the exposure, SAMPLE initiates the ARK
bake module. At this point in the simulation, the user must provide a complete description of
the post-exposure bake. This description begins with the specification of the bake conditions
consisting of the temperature and time of the bake. The next step is to establish the initial
concentrations of the different chemical species present within the resist. The concentration
of a given species may be independent of location within the resist or may have some spatial
distribution as a result of the exposure. The chemical and physical changes that the resist
undergoes during the bake are then described through a system of chemical reactions and dif-
fusion coefficients specific to the particular resist process under simulation. Following a
complete description of the bake, the program converts the user-specified chemical reactions
and diffusion coefficients to a system of nonlinear first-order differential equations. A
numerical algorithm solves these differential equations for the species concentrations as a

function of bake time at each location within the resist.
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After simulating the post-exposure bake, two options exist for returning control to the
standard dissolution routine of SAMPLE. In the first option, the spatial concentration matrix
of one of the chemical species within the resist is returned for dissolution simulation using
any of the development models provided in SAMPLE." The second option provides a more
flexible method for simulating the resist dissolution. In this case, a dissolution rate expres-
sion in terms of any species concentrations may be input directly into the program by the
user. The ARK bake routine uses this dissolution expression to calculate the dissolution rate
at each point in the resist and then returns the rate matrix to the SAMPLE dissolution routine

for simulation of the final development profile.
3.3.4 Program Basics

The new post-exposure bake routine of SAMPLE-ARK has been written in the C pro-
gramming language. The program uses the dynamic memory allocation feature in C and thus
provides for the efficient use of the computer memory. The largest memory usage occurs
when ten diffusing si:ecies are present within the resist.* This case requires approximately
8.7 Mbytes of memory. However, simulation of simpler examples such as a resist containing
four chemical species with no diffusion requires as little as 3.2 Mbytes.” The bake routine is
comprised of eight C modules. These modules total approximately 3500 lines of code. In
addition, several of the standard SAMPLE modules have been modified.

3.3.4.1 Compatibility with SAMPLE

With the choice of C for the programming language of the new bake routine, compatibil-
ity with the old SAMPLE code written in FORTRAN77 becomes a critical issue. The FOR-

T. See Chapter 2 for a description of the development models available in SAMPLE.
1. Diffusion requires much more memory in comparison with chemical reactions alone.

*. This memory requirement should, for these cases, be sufficiently small to allow the porting of the program to
personal computers with a moderate amount of memory.
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TRAN subroutine call for running the C bake routine requires a specialized link that depends
upon the specific operating system in use. The present version of the code has been written
for use with a UNIX operating system, and the link between the C and the FORTRAN code is
transparent to the user. Other operating systems may require further modifications and thus

may be somewhat more difficult.

3.3.4.2 Command Format

The post-exposure bake routine contains an input parser that reads in the command lines
describing the bake. These commands possess a similar format to those commands used by
the standard SAMPLE program and are included in the same input file. Each command line
begins with a keyword which describes an action, sets a parameter, or specifies a particular
model. The command line ends with a semicolon (;). Chapter 4 contains several example

input files used for the simulation of complete resist processes.

One important aspect used in the post-exposure bake commands involves the assignment
of different names to the chemical species present within the resist. By naming each of the
chemical species, the user has the capability of distinguishing between them. The program
associates each of these names with a matrix that contains the concentration of that species at

each point in the resist. For example, the input command:
* initialize acid 0;
will initialize the local concentration of a chemical species named acid to zero.

3.4 PROGRAM COMMANDS IN SAMPLE-ARK

The following sections describe some of the important commands for the SAMPLE-
ARK bake routine. The Appendix provides a complete list of all of the commands as well as

a description of how to use them.

45



3.4.1 Starting and Ending the Post-Exposure Bake

The startbake and endbake commands signify the beginning and end of the post-expo-
sure bake description, respectively. The startbake command is a keyword that is mad in by
the standard SAMPLE parser that initiates the running of the post-exposure bake routine.
Between the startbake and endbake commands, all remaining commands describe the
post-exposure bake and are interpreted by the post-exposure bake input parser. The endbake

command returns control to the standard SAMPLE program.
3.4.2 Specifying the Bake Conditions

The temperature and time commands specify the conditions for the post-exposure
bake. The temperature is given in degrees Celsius while the bake time is expressed in sec-

onds. For example, the pair of commands:

* temperature 150;
° time 60;

specify a bake temperature of 150°C for 60 seconds.
3.4.3 Initializing Species Concentrations

The initialize command is used to initialize the concentration of a chemical species at
each point in the resist. The simplest case occurs when the initial concentration at the begin-
ning of the bake is independent of location within the resist. To initialize the concentration in
this case, the species name and the concentration follow the initialize keyword. For exam-

ple, the command:

» initialize a 1el$5;

initializes the concentration of species A to a value of 1x10'° at each point in the resist.
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The concentration of a chemical species may also be determined by the exposure step,
and thus vary with position in the resist. The exposure routine in SAMPLE was originally
written to simulate the destruction of PAC. However, this routine is general enough to simu-

late any simple photolytic reaction given by:

hv
S,=S, [3.1]

In the case where the exposure determines the species concentration, the expose and
expose_inv parameters of the initialize command (see the Appendix) are used to initialize
the species concentration to the normalized concentration of species S; and S, of equation
[3.1], respectively. A multiplicative constant following either of these parameters scales the

results. For example, the command:

* initialize C expose_inv 1;
initializes the concentration of species C to the concentration of species S, in equation [3.1]

following exposure and leaves the results normalized to a value of one.
3.4.4 Specifying Chemical Reactions

Interaction between the chemical species within the resist occurs through chemical reac-
tions. The chemical reactions are specified using the reaction command. The parameters in
the reaction command define the rate coefficient, the reactants, and the products of the reac-
tion. The user may specify any number of chemical reactions involving up to ten different
chemical species by simply listing each reaction with a separate reaction command. The

specific format for the reaction command is given in the Appendix.
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The following example illustrates the use of the reaction command in specifying a

chemical reaction. The hypothetical reaction:

2A+B->C [3.2]

with a reaction rate coefficient of k = 1, reactants A and B, and product C is expressed in

SAMPLE-ARK with the command:

e teactionk=1,in=a(2),bout=c;

The names of the species that follow the in parameter of the reaction command are the reac-
tants in the reaction while those that follow the out parameter are the products. Parentheses
delineate the number of molecules of a given species that participate in the reaction when this

number is not equal to one.

Through the laws of chemical reaction kinetics, the program converts the input descrip-
tion of a chemical reaction into a system of nonlinear differential equations which describe
the time rate of change of each of the chemical species [2]. For example, the chemical reac-

tion of equation [3.2] results in a set of differential equations given by:

o[A]

= - 2
—— = -2[A1%(B] [3.3]
d[B] _ )
—5 = ~l41%(B] [3.4]
[ C] _ 2
—— = [A1%(B] [3.5]

In modeling the kinetics of a chemical reaction, it may sometimes appear that a given

chemical species participates in that reaction with a non-integer powel:1L The model derived

1. This occurs most often when the reaction has not been expressed in terms of the fundamental reaction mechanism.
Also, reactions in polymers may not always follow the basic laws of reaction kinetics.
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in Chapter 6 for the acid catalyzed crosslinking reaction in Shipley SNR 248 resist presents a
prime example of this effect. The photo-generated acid participates kinetically in this
crosslinking reaction with a power of 1.42. This type of behavior is easily specified in the
reaction command, once again, by including this non-integer number in the parentheses fol-

lowing the species name.

The specification of the rate coefficient can take several forms. Listing of the rate coeffi-
cient alone using the k parameter of the reaction command, as demonstrated in the above
example, provides an absolute number for the rate coefficient that has no dependence on the
bake temperature. Specifying a bake temperature with the temperature command, in this
case, will not affect the simulation results. However, providing an activation energy with the
ea parameter (see the Appendix for details) results in a temperature dependence for the rate

coefficient given by:

. E A
k= koexp (—m) [3.6]

where E, is the activation energy in eV, k,, is a pre-exponential specified with the k parame-

ter, Kg is Boltzmann’s constant, and T is the bake temperature in degrees Kelvin.
3.4.4.1 Chemical Reaction Data Structure

The program allows the user to input an unlimited number of chemical reactions in terms
of up to ten chemical species. The flexibility presented by this input format results from the
linked-list data structure used to store the information about the chemical reactions. Each
time the user includes a new reaction in the input, the program adds a new element onto the
end of this linked list. Each element of the linked list contains entries for the reaction rate
coefficient, the reactants, the products, and a pointer to the next element or reaction in the
linked list.
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Figure 3.4 shows an example of a linked-list data structure containing two reactions. The

linked list shown corresponds to the hypothetical reactions:

k=1
A+B-C [3.71
k=2
2A - [3.8]

The reactant and product arrays in the linked list specify the number of molecules of each
species that participate in the reaction. An entry of zero for a species in both the reactant and
product arrays simply denotes that this chemical species was not involved in the chemical
reaction. Once all of the reactions have been read into this linked list, the program converts
the list into a system of differential equations using the laws of reaction kinetics as described

earlier.

3.4.5 Specifying Diffusion

The chemical species may also move throughout the resist by diffusion. The diffusion of
up to ten chemical species is allowed in the program and may occur simultaneously with any
number of chemical reactions. The diffusion is assumed to follow the Fickian diffusion
equation (Case I) given by:

i

3
5 = V- 0OVC) 3.91

where C; and D; are the concentration and the diffusion coefficient of the i species, respec-

tively [3]. The diffuse command is used to specify the diffusion coefficient of any given

chemical species.
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3.4.5.1 Constant Diffusion Coefficient

The simplest case of diffusion occurs with a constant diffusion coefficient. In this case,
by moving the diffusion coefficient outside of the divergence of equation [3.9], the diffusion
equation simplifies to:

aC;

Diffusion with a constant diffusion coefficient as in equation [3.10] is easily specified in

the program using the diffuse command. The diffuse command format is given by:

« diffuse species_name diffusion_coefficient;

where the units for the diffusion coefficient are in pm?/sec. For example, the command:

o diffuse a le-5;
results in the diffusion of species A with a constant diffusion coefficient of 1x107 u.m/secz.lr

In order to solve the diffusion equation on the discrete spatial grid that defines the resist,
the program uses a second-order Taylor series approximation for the spatial derivatives in
equation [3.10]. The notation C;(j,k) denotes the concentration of the it chemical species at
point (x;,z) on the discretized grid depicted in Figure 3.5. The approximation for the second

derivative in the x dimension is then given by [3]:

3%C; C;(j+1,k) -2C;(G, k) +C; (-1, k)
a2 (Ax)?

[3.11]

+. At this point, the diffusion coefficient is assumed to have no temperature dependence. This can be corrected in the
future to include an Arrhenius behavior if necessary.
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where Ax is the spacing between grid points in the x direction. Using a similar approxi-
mation for the z direction term of equation [3.10], the diffusion equation becomes discretized

for application to a resist grid with rectangular grid elements.

The approximated diffusion equation has a similar form to the kinetic equations obtained
from chemical reactions (see for example equations [3.1] - [3.3]) in that the time rate of
change of a species concentration is equated to an expression involving species concentra-
tions only. For the diffusion equation, this expression includes the concentration at the
neighboring grid points. Because of this similarity, the same algorithm (see Section 3.5) can
be used to solve both the kinetics of the chemical reactions as well as the diffusion equation.
When chemical reactions and diffusion occur simultaneously, then the approximation to the
right-hand side of equation [3.10] simply provides an additive term to the kinetic equation

describing the time rate of change of the i species concentration.

The diffusion of PAC during the post-exposure bake of a diazo-type resist provides a
good example for demonstrating diffusion in SAMPLE-ARK. The post-exposure bake
reduces the standing wave pattern in the PAC concentration that results from coherent inter-
ference between transmitted and substrate reflected energy during exposure. The reduction
in the standing wave pattern subsequently reduces the lateral dissolution of the resist during

development providing a more vertical sidewall in the final resist image.

For g-line exposures, a diffusion length of about 0.08 pm completely blurs the standing
wave pattern. Since the diffusion length is defined as 2JDt, a post-exposure bake for 160
seconds with a diffusion coefficient of 1x10°> pm?/sec for the PAC will provide this diffusion
length. Figure 3.6 shows the development profiles for KTI 820 resist with and without the
post-exposure bake. Use of the post-exposure bake results in the complete removal of the

standing wave “fingers” in comparison to the profile obtained with no bake. In addition, the
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resist profile demonstrates a slight increase in sidewall angle as a result of PAC diffusion dur-

ing the post-exposure bake.
3.4.5.2 Concentration-Dependent Diffusion

In some cases, the diffusion coefficient may depend upon the concentration of one or
more chemical species within the resist. For example, some silylation processes such as the
DESIRE process rely on the selective diffusion of silicon containing compounds into the
resist. Consequently, the more general diffusion equation [3.9] must be solved in cases

involving concentration-dependent diffusion. Equation [3.9] can be rewritten as:

aC; 2
m = D‘V Ci+VDiV C‘- [3-12]

This equation contains the simplified diffusion equation [3.10] plus an additional term result-
ing from the gradient of the diffusion coefficient. To solve equation [3.12] on the discretized
spatial grid, the approximated diffusion equation derived earlier for the constant diffusion

case requires some additional terms to account for this concentration dependence.

Using a first-order Taylor series approximation' for the extra concentration-dependent
term of equation [3.12], the additional term in the x direction for the approximated diffusion

equation on the discretized grid becomes:

C.j+1,b-C.(j—-1,% D.Gj+1,k-D.(j-1,%
dioctionterm [C;+1,b)=C,(j-1, 0] [D;(j+1,k) -=D;(j=1,k)] 3,131
4(Ax)?

A comparable term exists as well for the z direction.

1. Because this is a lower order approximation, a higher grid density is required for accuracy when simulating
concentration-dependent diffusion.
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The concentration-dependent diffusion coefficient is also specified using the diffuse
command. However, in this case, the diffusion coefficient is given as an algebraic expression
in terms of any species concentrations within the resist. For example, if the diffusion coeffi-
cient of hypothetical species A depended upon the square of the concentration of species B,

then the command would take the form:

« diffuse a bA2;

The rules governing the specification of concentration-dependent diffusion coefficients in the
diffuse command follow the guidelines for including algebraic expressions in the define
command as described in Section 3.6.6. When using a concentration-dependent diffusion
coefficient, the algebraic expression provided in the input description is stored by the pro-
gram as a character string of algebraic operators and species names and, during each time
step, is converted to a specific number for the diffusion coefficient at each location in the

resist.

3.4.5.3 Boundary Conditions for Diffusion

As a default, the boundary conditions for diffusion in SAMPLE-ARK specify that no net
flow of any chemical species occurs across the boundaries within the resist. These boundary

conditions in the z direction are given mathematically by the equation:
2Ci(2) =0l gr [3.14]

where T is the resist thickness. In using these boundary conditions, the total concentration of

any diffusing species within the resist remains constant.
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Some processes require alternative boundary conditions at the top surface of the resist.
In a silylation process, silicon-containing compounds diffuse into the resist from an outside
source. In order to simulate a process such as this, the program allows for the diffusion of
species into the resist by forcing the concentration of that species to a constant at the resist
surface. This surface concentration is equivalent to the solid solubility of the species within

the resist. Mathematically, this boundary condition is given by:

Ci(x2) = Cy, [3.15]

=0

where C; is the solid solubility concentration. The diffsource command is used to specify
this boundary condition. For example, the diffusion of species A into the resist with a nor-

malized concentration of one at the surface is specified by:

+ diffsource a 1;
A silylation example in Chapter 4 will demonstrate diffusion from an outside source
using the diffsource command. In the future, alternative boundary conditions are needed to

simulate other cases such as the out-diffusion of a chemical species from the resist.
3.4.6 Algebraic Manipulations with the DEFINE Command

Chemical reactions and diffusion provide physically based methods for manipulating
species concentrations in the resist. However, mechanistic models may not always be avail-
able or convenient for describing the post-exposure bake. Therefore, the program also allows
the user to define the concentration of a given species through an algebraic expression in
terms of other species concentrations within the resist. The define command is used to input
this algebraic expression into SAMPLE-ARK. For example, relating the concentration of
hypothetical species C to the average of the concentration of species A and B is done with the

define command by:
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+ define c (a+b)/2;

Table 3.1 gives a complete list of the operators that can be used in the define command.

Operator Description
+ Addition
- Subtraction
* Multiplication
/ Division
A Raise to power
0 Parentheses
exp() e’
log() Log (base 10)
In() Natural Log

Table 3.1: Table of operators for use with the define command.

3.4.7 Specifying Dissolution Functions

Two methods exist for specifying the dissolution rate in SAMPLE-ARK. The first
method uses previously hardwired dissolution rate functions in the program code itself to
express the dissolution rate in terms of a single chemical species concentration. The second
- method, a much more powerful approach, takes advantage of the flexibility presented by the
define command to input a dissolution rate function directly into the program input itself in

terms of any species concentrations within the resist.
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The first, more conventional, method makes use of the return command in generating
the local dissolution rate in the resist. This command returns the concentration matrix of a
given species to the standard dissolution routine in SAMPLE. The returned matrix replaces
the “M” matrix which usually stores the normalized PAC concentration of diazo-type resists.
With the selection of one of the standard dissolution equations provided in SAMPLE, the
program converts the local concentration in the “M” matrix to a dissolution rate and then,
using the string algorithm described in Chapter 2, calculates the final development profile.
With this method, if the user requires a new dissolution rate equation not provided by the

program, the SAMPLE ccde must be modified to include it.

The flexibility associated with the define command presents a more powerful approach
for specifying a dissolution rate equation in SAMPLE-ARK. This alternative approach, in
contrast to the first method, requires no modification to the program source code. The disso-
lution function is described through the define command which contains an algebraic
expression relating the dissolution rate to the concentration of any chemical species within
the resist. This command creates a matrix containing the dissolution rate itself at each point
in the resist. This rate matrix is then returned to the standard SAMPLE development routine |
using the return command. Since the dissolution rate is then known at each point in the

resist, the final development profile is easily calculated.

The type of dissolution rate function that can be defined in this manner is only limited by
the constraints placed on the algebraic expression in the define command. The dissolution
model developed for SNR 248 resist in Chapter 6 provides a good example for using this
powerful feature. The expressions derived in equations [6.9] and [6.13] are not included
amongst the standard development models available in SAMPLE. However, by using the
following input lines in SAMPLE-ARK:
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o define ce 15*cas™2 - 20*cas?3 + 15casM4 - 6*casN5 + casM6
 define rate 350 * (1 - ce/6.3) A 6.5
e return rate

a matrix containing the local dissolution rate can be retumed to the standard dissolution rou-

tine for development.
3.4.8 Running the Bake

After the complete specification of the post-exposure bake in terms of the chemical reac-
tions, diffusion coefficients, initial species concentrations, and bake conditions, the program
solves for the concentration of all of the chemical species at each point in the resist. The pro-
gram performs this calculation when the bake command is given by the user. The numerical
algorithm contained in SAMPLE-ARK which solves for the species concentrations during

the bake is presented in the following section.

3.5 SOLVING THE SYSTEM OF DIFFERENTIAL EQUATIONS

The program converts the information concerning the chemical reactions and diffusion
coefficients to a system of differential equations as described earlier. In general, this system

of differential equations is given by:

ac
a_tl =£,(Cyy C,) [3.16]

n

0 :
7{' =fn(C1, "”Cn)

SAMPLE-ARK solves this system of nonlinear first-order differential equations for the

concentration of all of the chemical species at each location within the resist. In order to pro-
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vide the generality needed to solve a wide range of such differential equations, a rigorous
numerical routine is used to perform these calculations. While the differential equations are
of a similar nature for both chemical reactions and diffusion as discussed earlier, the inclu-
sion of diffusing species does require some modification in solving these equations since the
concentration at any one point in the resist depends upon the concentration in the surround-

ing area.

The following section describes the numerical algorithm used to solve the system of dif-
ferential equations given in [3.15] for a post-exposure bake in which only chemical reactions
occur. Section 3.7.2 details the modifications to the numerical solution when diffusion is

present within the resist as well.
3.5.1 The Numerical Algorithm

In order to solve the set of differential equations given by [3.16], a numerical algorithm
must estimate the concentration of each of the chemical species at discrete points in time as
the bake progresses. The simplest method for doing this is referred to as a one-step method
in which the current concentrations are estimated from the concentrations calculated at the

previous time step [S]. Mathematically, the one-step method is described by:
Ci(t+AD = Cy(t) +At- 9 (C;(2), ., C,p (1) A0) 3.17]

The type of one-step method selected determines the form of the increment function, ¢, as

well as the step size, At.

A variable step algorithm that employs a pair of fourth and fifth order Runge-Kutta meth-
ods for the increment function, ¢, was chosen to solve the differential equations [S]. In this
algorithm, a comparison between the solutions obtained using the two high order methods

provides a measure of the error associated with each time step. This estimate of the error is
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then used to adjust the step size, At, during each time increment such that a given overall
accuracy is achieved in the final solution. This sophisticated variable step approach solves
the differential equations more efficiently than a fixed step method which may become
exceedingly slow when the step size is too small or grossly inaccurate when the step size is
too large. While this method does require additional calculations in evaluating the step size,
the increase in efficiency more than makes up for the increased computation time associated

with performing these calculations.

While this algorithm provides an accurate solution within reasonable computation times
for most of the systems of differential equations studied thus far, the implementation of faster
or more advanced algorithms may become desirable in the future. For this reason, the rou-
tine has been written in a modular fashion such that it can be easily replaced with an alterna-

tive differential equation solver at a later time.

The concentrations of each of the chemical species within the resist at the start of the
bake provide the initial conditions for the differential equations. Since, in general, each loca-
tion within the resist, as defined by the grid points of the concentration matrices, begins the
bake with different initial concentrations, the differential equations must be solved at each
grid location individually. For example, simulating the bgke for a resist defined by a grid
with 50 horizontal points and 200 vertical points requires that the differential equations be
solved 10,000 times. For a bake defined in terms of chemical reactions only, the differential
equations at a single grid point do not depend on the surrounding grid and can thus be solved
independently. Consequently, the step size can be optimized for each individual grid point to

minimize computation time.
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3.5.2 Modifications For Diffusion

When diffusion occurs during the bake, the differential equations at a single location in
the resist depend upon the concentration of the neighboring grid points. Therefore, the equa-
tions must be solved throughout the resist simultaneously. In this case, the step size for the
numerical solution is determined by the one grid point that requires the smallest time incre-
ment for accuracy. The inefficiency that results from using a single step size for the entire
resist grid leads to an increase in computation time when simulating diffusion. For example,
solving the reaction kinetics without diffusion at each grid point individually for the acid cat-
alyzed crosslinking reaction in Shipley SNR 248 deep-UV resist (see Chapter 6) took 66
CPU seconds on a DECstation 3100. However, solving the same kinetics at each grid point
simultaneously using a single step size for the entire grid required 651 CPU seconds, or

almost an order of magnitude increase in computation time.

When the chemical reactions are the dominant mechanism during the bake, a sequential
solution of the reaction-diffusion equations can sometimes be used to reduce the computation
time. In this sequential approach, a spatial redistribution of the diffusimg species through an
initial application of the diffusion equation alone precedes the solution of the reaction kinet-
ics. The benefits of this approach can be demonstrated for the Shipley SNR 248 resist where
the acid catalyzed crosslinking reaction occurs simultaneously with the diffusion of the
photo-generated acid (see Chapter 6). Figure 3.7 shows the simulated development profiles
for SNR 248 obtained through both the simultaneous and the sequential solution' of the reac-
tion-diffusion equations, respectively. The sequential solution of the equations provides a

good approximation to the more exact solution with a 95% savings in computation time. It is

1. The sequential solution required a reduction in the diffusion coefficient to achieve similar results since the
crosslinking did not occur simultaneously.
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expected, however, that as the diffusion coefficient becomes larger, the approximate solution

will become less accurate.

3.6 SUMMARY

A new lithography simulation program, SAMPLE-ARK, has been developed for the sim-
ulation of advanced resist technologies such as image reversal, chemical ampliﬁcaﬁon, and
silylation. The program expands upon the exposure and dissolution routines of SAMPLE to
include additional post-exposure processing in which a resist may undergo critical changes
that are fundamental to the resist process. Simulation of this post-exposure bake is per-
formed in terms of the basic chemical and physical mechanisms occurring within the resist

including chemical reactions and diffusion.

The ability to simulate a wide variety of resist processes is derived from the flexibility
associated with the input description of the post-exposure bake. A linked-list data structure
provides the means for simulating an unlimited number of user-specified chemical reactions
during the bake. Diffusion of chemical species within the resist can occur with either con-
stant or concentration-dependent diffusion coefficients. Modifica;tion to the boundary con-
ditions at the resist surface can result in the diffusion of chemical species into the resist from
an outside source. After specification of the bake, the program converts the chemical reac-
tions and diffusion coefficients to a set of nonlinear differential equations. These equations
are solved for the local concentration of each species as the bake progresses with a Runge-
Kutta numerical algorithm which uses an automatic time-step adjustment for efficiency. Fol-
lowing the numerical solution, the user can provide an arbitrary algebraic expression defin-
ing the local dissolution rate in terms of any species concentrations within the resist. With
the inclusion of these powerful features, it is expected that SAMPLE-ARK will have the abil-
ity to simulate both present and future resist technologies with little or no modification to the
program code.
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Figure 3.1: A modified schematic of optical lithography simulation with SAMPLE-ARK.
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Figure 3.2: A state diagram of the exposure, post-exposure bake, and development steps in
SAMPLE-ARK from a systems perspective. The diagram includes state
variables (species concentrations) represented by circles, transitions between
state variables, and stimuli that drive the transitions.
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Figure 3.3: A flow chart of post-exposure bake simulation with SAMPLE-ARK.
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Figure 3.4: An example of the linked list data structure for chemical reactions in

SAMPLE-ARK.
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Figure 3.5: A diagram of the spatial grid that defines the resist during the post-exposure
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Figure 3.6: Resist development profiles of KTI 820 resist a) with a post-exposure bake and
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Figure 3.7: Development profiles for SNR 248 resist simulated with a) simultaneous
diffusion and reaction and b) sequential diffusion and reaction.
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CHAPTER 4

EXAMPLES USING SAMPLE-ARK

The power and flexibility of the SAMPLE-ARK program are demonstrated through the
simulation of three advanced resist technologies: image reversal, chemical amplification,
and silylation. The general nature of the input description in terms of fundamental chemical
and physical mechanisms provides for the investigation of basic issues for each of these three
processes. Thrdugh the variation of process parameters, resist properties, and the
fundamental mechanisms occurring during processing, the importance of SAMPLE-ARK
as a useful tool in the optimization and comparison of these as well as other complex resist

iechnologies is clearly demonstrated.
4.1 INTRODUCTION

The SAMPLE-ARK program described in Chapter 3 simulates complex resist processes
in terms of the basic chemical and physical mechanisms that determine the resist behavior
Consequently, with this general approach, the program has the breadth needed to simulate a
wide spectrum of resist processes without modification to the program code. This flexibility
~ is demonstrated in this chapter through the simulation of three advanced technologies that
have received much attention in recent years: image reversal, chemical amplification, and

silylation.
4.2 IMAGE REVERSAL
4.2.1 Chemistry and Processing of Image Reversal Resists

Image reversal was first proposed by Moritz and Paal in 1978 [1]. The image reversal

process converts the tone of diazo-type resists from positive to negative. This innovation
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allows for the selection of the resist tone based upon the specific mask pattern in use (dark or
light field). Near vertical development profiles can be achieved by adjusting the process
parameters to balance absorption during exposure with resist development [2]. In addition,
image reversal tends to balance the biases associated with the positive resist process.
Consequently, optimization of the image reversal process can lead to improved linewidth

control [3].

Figure 4.1 depicts a general process flow for image reversal consisting of four basic
process steps. In the first step, exposure of the resist converts the photoactive compound
(PAC) to indene carboxylic acid (ICA). Since the PAC acts as a dissolution inhibitor,
development of the resist at this point would produce a positive resist image. However, for
image reversal, a bake step follows the exposure which converts the ICA to indene through a
base catalyzed reaction [4]. This reaction results from either including a basic additive such
as monazoline in the resist itself [1] or by baking the resist in an ammonia atmosphere [5].
The indene also acts as a dissolution inhibitor in aqueous alkaline developer Therefore, by
destroying the remaining PAC during a flood exposure, development of the resist occurs only

in the unexposed regions of the resist leading to a negative-tone resist process.
4.2.2 Simulation of Image Reversal Resists

A standard positive resist process will result when the post-exposure bake and flood
exposure steps are not included. Simulation of this case provides a useful comparison for the
image reversal process. Figure 4.2 shows simulated resist profiles for several development
times using a 0.8 um equal lines and spaces mask pattern (0.8\/NA) with g-line exposure.
This simulation was performed using the standard exposure and development routines in
SAMPLE (see Chapter 2). The region in the center of Figure 4.2 where the resist remains
corresponds to the dark area or the line on the mask. The sloped sidewalls are typical of a
positive resist process.
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Figure 4.3 shows an example input file for the simulation of an image reversal process.
The sections of Figure 4.3 that define the exposure, bake, and development of the resist are
clearly indicated. By assuming that the flood exposure completely destroys all remaining
PAC within the resist, simulation of this process step is not required. The model for the post-
exposure bake in Figure 4.3 assumes that the conversion of indene carboxylic acid to indene
goes to completion during the bake. In other words, the normalized concentration of indene

is related to the photoactive compound concentration by:
[Indene] = 1- [PAC] [5.1]

The initialize command is used in the input file of Figure 4.3 to perform this simple
calculation. The matrix containing the indene concentration is then returned to the standard
SAMPLE dissolution routine with the return command. Since the indene acts as a
dissolution inhibitor in a similar manner to the PAC, Dill’s development model (see Chapter

2)is used to describe the resist dissolution in terms of the normalized indene concentration

The simulation results from the input file of Figure 4.3 are shown in Figure 4.4. The 0.8
Km mask pattern used previously for simulation of the standard positive resist process is once
again used to generate the image reversal development profiles. The resist remains where
exposed thus producing a negative tone image of the mask pattern. Since absorption during
exposure tends to balance the dissolution properties, the image reversal process produces a
steeper sidewall angle in comparison to Figure 4.2 with a slight inversion in the profile
shape. While this simulation provides valuable qualitative information, a more complete
evaluation of the exposure and development parameters is still needed in order to perform a

full simulation study of this image reversal process.

t. Refer to the SAMPLE manual for a complete description of the standard SAMPLE commands.

%. Since no known dissolution rate parameters describing an image reversal process were available, as an
approximation, the parameters from the positive resist process shown earlier were used.
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The example of Figure 4.4 assumes the complete conversion of ICA to indene during the
post-exposure bake. However, SAMPLE-ARK provides the means for examining the case in
which an insufficient bake results in this reaction not reaching completion. Figure 4.5 shows
an example input file for addressing this issue. A single chemical reaction, defined by the
reaction command, describes the production of indene during the post-exposure bake. In
this reaction, the reaction rate coefficient has been chosen in conjunction with the bake time

such that only 86% of the ICA is converted to indene.

This SAMPLE-ARK input file produces the development profiles shown in Figure 4.6.
A comparison of these development profiles with Figure 4.4 indicates that the space width
increases as a result of the incomplete conversion of ICA to indene. This increase occurs
because less indene is present in the resist following the bake to inhibit the resist dissolution.
In this case, in order to equalize the line and space widths, a higher exposure dose is needed.
However, while the incompiete conversion during the bake does cause a loss in sensitivity,
the resist sidewall angle remains essentially constant. The sidewall angle does not change
because the indene concentration is reduced by the same amount (in this case 14%) at every

point in the resist.
4.3 CHEMICAL AMPLIFICATION

Reduction of the exposure wavelength in photolithography can lead to an increase in
resolution. However, as the trend in lithography continues towards deep-UV wavelengths
(248 and 193 nm for example), new resist materials and techniques are required to overcome
the high absorption and low sensitivity of diazo-type resists. With the use of a novel
approach commonly referred to as chemical amplification, several resists have demonstrated

sensitivities less than 50 mJ/cm? in the deep-UV [6]-[8].
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4.3.1 Chemistry and Processing of Chemical Amplification Resists

All chemical amplification resists rely on the same basic principles. Exposure of the
resist produces an acid through a photolytic reaction. This photo-generated acid catalyzes a
second chemical reaction during the subsequent post-exposure bake.” The extent of this bake
reaction determines the dissolution rate during development. The nature of the catalytic
reaction during the bake and the developer type fix the tone of the resist (positive or
negative). Figure 4.7 demonstrates a general process flow for a chemical amplification resist

consisting of the exposure, post-exposure bake, and development steps.

Two distinct classes of chemical amplification resists have received a considerable
amount of attention. The first type of chemical amplification resist, referred to as an acid
hardening resist, relies on an acid catalyzed crosslinking reaction during the post-exposure
bake to achieve a highly-sensitive, negative-tone resist [6]. In a second class of chemical
amplification resists, the photo-generated acid cata;lyzes the removal of a t-BOC protecting
group from a poly(t-BOC styrene) resin [7][8]. With the removal of the protecting group, the
resist becomes soluble in aqueous alkaline developer and thus acts as a positive-tone resist
process. A thorough description of both the chemistry and the modeling of these two types of
chemical amplification resists is presented in Chapters 6 and 7. The following section
demonstrates the simulation of a chemical amplification resist with SAMPLE-ARK using a

simple generic example.

1. In a pure catalytic reaction, the catalyst increases the rate of the reaction without undergoing any permanent
chemical change.
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4.3.2 Simulation of Chemical Amplification Resists

The catalytic reaction during the post-exposure bake provides the foundation for the
chemical amplification process. For illustrative purposes, this section assumes a simple

catalytic reaction given by:
acid+A - B +acid [5.2]

In this reaction, the photo-generated acid catalyzes the conversion of species A to species B.
The concentration of the acid remains unaffected as expected for a catalytic reaction.f By
assuming that species A acts as a dissolution inhibitor, then the destruction of A during the
bake causes the resist to develop in the regions where exposed resulting in a positive-tone

resist process.

Dill’s ABC model [9] can be used to simulate the generation of acid during the exposure
through a simple photolytic reaction. For the actual acid generators studied, the exposure
dose required to completely convert the acid generator to acid is much larger than typical
operating doses (see Chapter 7). Therefore, the local concentration of acid is expected to be
linearly proportional to the absorbed exposure energy. This situation can be simulated by
choosing a small value for the rate coefficient of acid generation, C (in this case C = 0.001

mJ/cm?).

Figure 4.8 shows an example SAMPLE-ARK input file used to simulate a chemical
amplification resist with the above assumptions. In this input file, the reaction command
specifies the catalytic reaction of equation [5.2] while the return command sends the
concentration matrix of the dissolution inhibitor, A, to the SAMPLE dissolution routine for
development. Figure 4.9 shows the resulting development profile obtained when using an

exposure dose of 50 mJ/cm? and a bake time of 10 seconds.

1. Chapters 6 and 7 provide examples in which the acid is actually consumed in an alternate reaction during the bake.

75



An increase in the bake time drives the catalytic reaction of equation [5.2] further
towards completion. Therefore, by increasing the bake time, higher sensitivity can be
obtained from this chemical amplification process. It is easily shown that for this simple

example the dose scales with the bake time according to expression:

Do % [5.3]

where D is the exposure dose and t is the bake time. According to equation [5.3], if an
increase of 5 in the sensitivity is needed, the bake time must also be increased by a factor of
5. Figure 4.10 shows the resulting development profile obtained using the same chemical
amplification process as in Figure 4.9, but with a reduced exposure dose of 10 mJ/cm? and a
l?ake time of 50 seconds. While the sensitivity increased by a factor of 5, the development
ﬁroﬁle remained essentially identical. This result indicates that by taking advantage of the
catalytic bake reaction, chemical amplification processes can achieve a high sensitivities

without affecting the resist contrast.!

4.4 SILYLATION
4.4.1 Chemistry and Processing of Silylated Resists

In a silylation process, silicon-containing compounds are selectively introduced into the
resist following exposure [10]. During a subsequent oxygen plasma etch or dry
development, the silicon forms an SiO, barrier which prevents further etching. Therefore,
the resist remains in the regions containing silicon. Figure 4.11 depicts a general process
flow for a silylation process. Because only a thin layer of silicon-containing resist is required
at the resist surface to obtain selectivity during the etch, this type of process is often referred

to as a surface imaging resist. Consequently, since only the surface of the resist requires

1. Eventually, the resist contrast will be limited by lateral diffusion of the acid during the bake.
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exposure, this type of process can lead to improved depth-of-focus as well as higher

tolerance to substrate topography and reflectivity.

The incorporation of silicon in the resist depends upon the diffusion of the silylating
agent into the resist followed by the reaction of the agent with the phenolic group of the resin.
Two basic methods based upon these mechanisms exist for achieving selective silicon
uptake. In the first method, the diffusion coefficient of the silylating agent in the resist is
modified through exposure [10]-[13]. Much work has been done in studying the mechanisms
involved in this diffusion-controlled process [14]-[17]. A second approach relies on the
variation in the availability of the phenolic sites to obtain selectivity. This can be achieved
through the chemically amplified removal of a t-BOC group from poly(para-hydroxy
styrene)-based resins [18][19]. The SAMPLE-ARK program, as demonstrated in the

following section has the capability to simulate both of these basic silylation processes.
4.4.1.1 Simulation of Silylated Resists

A complete simulation of a silylation process would consist of simulating the exposure,
the silicon uptake during the bake, and the oxygen plasma dry development. Simulation of
the site-controlled silylation processes must also include the post-exposure bake in which the
deprotection reaction creates the phenolic sites on the resin. Currently, the SAMPLE etch
routine cannot incorporate position-dependent etch rate models necessary for simulating the
dry development step. In addition, quantitative models describing the oxygen plasma etch
are lacking. For these reasons, the results presented in this section are shown in terms of the
silicon uptake during the post-exposure processing. While this approach does not lead to the
simulation of the final resist images, good qualitative information can nonetheless be

obtained.



In the first basic type of silylation process, exposure of the resist modifies the diffusion
coefficient of the silylating agent resulting in selective silicon uptake. The DESIRE process
using the Plasmask resist was the first commercially available silylation process based upon
this approach [11]. Bauch et al. have shown that the diffusion coefficient in the Plasmask

resist is related to the PAC concentration by:

D (M) = 35-exp [61.1%{1] nm?sec [5.4]

where D is the diffusion coefficient and M is the normalized concentration of PAC [17].

Figure 4.12 shows an input file in which silicon is incorporated into the resist based upon
equation [5.4]. The resist is exposed at 248 nm with a 0.5 um equal lines and spaces pattern
(0.8A/NA). The diffuse command specifies the dependence of the diffusion coefficient on

the PAC concentration while the diffsource command alters the surface boundary conditions
| such that the diffusion occurs from an outside source (see Chapter 3). This input file does not
take into account the reaction of the silylating agent with the available phenolic sites on the
resin which is assumed to be rapid in comparison with the diffusion process. Figure 4.13
shows the contours of relative silicon concentration in the resist as a result of using the input
file of Figure 4.12 in SAMPLE-ARK. The exposure occurred in the center of the plot which
enhanced the diffusion coefficient of the silylating agent resulting in increased silicon
uptake. If an oxygen plasma etch followed this bake step, the resist would remain in the

regions of high silicon uptake producing a resist profile in the center of the plot.

In the second type of silylation process, the selective incorporation of silicon into the
resist occurs through a variation in the number of reactive sites as a result of a chemically
amplified deprotection reaction prior to the silylation step. Spence et al. have shown that, in
this case, the silylating agent diffuses rapidly through the resist to react with all available
phenolic sites [19]. Therefore, in order to simulate this type of silylation process, only the
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acid catalyzed removal of the t-BOC protecting group needs to be considered. As a result,
the input description for this type of silylation process in SAMPLE-ARK is similar to the
input file shown in Figure 4.8 for the chemical amplification example. Chapter 7 provides a

complete description of the modeling process for t-BOC chemical amplification resists.

Figure 4.14 shows the contours of relative silicon concentration for this site-controlled
silylation process. Once again, the resist is exposed at 248 nm with a 0.8\/NA equal lines
and spaces mask pattern. The largest amount of available phenolic sites occurred in the
center of the plot where the acid catalyzed deprotection reaction was driven further towards
completion. In this case, because of the resin transparency, the silicon uptake extends
throughout the resist thickness as compared to Figure 4.13. This uniformity tends to increase
the sensitivity to substrate topography and reflectivity and thus does not lead to a surface
imaging resist process. However, by increasing the resin absorption or by including a dye in
the resist, the affect of the substrate on the silicon uptake can be significantly reduced.
Figure 4.15 shows the resulting silicon concentration contours for a 390% increase in the
absorption coefficient. In this example, the silicon concentration no longer extends
uniformly throughout the resist thickness. Consequently, the final developed resist images
will have less dependence upon the underlying substrate. The examples demonstrated for
both the diffusion and site-controlled silylating resists indicates that SAMPLE-ARK provides
an excellent tool for comparing the fundamental resolution and process latitude of these two

basic silylation processes.
4.5 SUMMARY

SAMPLE-ARK has been used to simulate image reversal, chemical amplification, and
silylation resist processes. This simulation capability has been used to explore some key
issues that determine the resist performance. The processes were described in the program in

terms of the fundamental chemical and physical mechanisms which determine the resist
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behavior during each individual process step. Changes to both the process parameters as
well as to the overall process description have lead to an additional understanding of the

factors that affect important performance criteria such as resolution and sensitivity.

For image reversal, the use of an additional post-exposure bake and flood exposure leads
to the reversal of the resist tone as well as an increase in sidewall angle. Incomplete
conversion of ICA to indene during the bake reduces the sensitivity of the image reversal
process, but does not affect the resist resolution. In chemical amplification, the trade-offs
between the exposure and bake have been explored. When a simple catalytic reaction occurs
during the bake, the sensitivity scales directly with the bake time. The silicon uptake for both
a diffusion and a site-controlled silylation process have been compared. Further study with
SAMPLE-ARK can lead to a more complete understanding of the benefits and drawbacks of

each basic process type.
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Figure 4.1: A general process flow for an image reversal resist process.
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Figure 4.2: Resist development profiles for a standard positive resist without image
reversal.
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Figure 4.3: SAMPLE-ARK input file for an image reversal process with complete
conversion of ICA to indene during the post-exposure bake.

lambda 0.4358 ;
proj 0.42 | ;
linespace 0.80 0.80 ;
parcohdef 0 0.7 0.0 ;
horwindow 1.6 1.2 ;
imagerun ;
resmodel ((0.4358))

(0.551, 0.058, 0.010)

(1.68, ((-0.02))) (1.0000) ;
layers (4.73,-0.136)

(1.47,0.0,0.0741) ;
dose 20001
exposerun
startbake
initialize indene expose_inv 1 ;
return indene . Bake
endbake ;
heatdiffus 0.02 1

devrate 1 (5.63, 7.43, -12.6) ; 3

Exposure

devtime 15 60 4 Development

developrun

t. Imagé reversal typically requires higher doses than standard diazo-
type resists.
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Figure 4.4: Resist development profiles for an image reversal process using the input file in

Figure 4.4.
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Figure 4.5: SAMPLE-ARK input file for an image reversal process with incomplete
conversion of ICA to indene during the post-exposure bake.

lambda 0.4358 ;
proj 0.42 ;
linespace 0.80 0.80 ;
parcohdef 0 0.7 0.0 ;
horwindow 1.6 1.2 ;
imagerun ;
resmodel ((0.4358)) Exposure
(0.551, 0.058, 0.010)
(1.68, ((-0.02))) (1.0000) ;

layers (4.73,-0.136)

(1.47,0.0,0.0741) ;
dose 2000 ;
exposerun ;
startbake ;
time 2 ;
reaction k = 1 in = ica out = indene ;
initialize ica expose_inv 1 :
initialize indene 0 : Bake
bake ;
return indene ;
endbake ;
heatdiffus 0.02 1 :

| v 1 903 145,120 ; 3 Development

developrun ;
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Figure 4.6: Resist development profiles for an image reversal process using the input file
from Figure 4.5.
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Figure 4.7: A general process flow for a chemical amplification resist.
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Figure 4.8: A SAMPLE-ARK input file for a chemical amplification resist.

lambda 0.248 ;
proj 0.42 ;
linespace 0.5 0.5 ;
parcohdef 0 0.5 0.8 ;
vertrespts 200 ;
horwindow 1.0 0.75 ;.
imagerun ; Exposure
resmodel ((0.248))
(0.000, 0.600, 0.001)

(1.68, ((-0.02))) (1.0000) ;
layers (1.70,-3.38) ;
dose 50.0 :
exposerun ;
heatdiffus 0.02 1 ;
startbake ;
time 10 ;
reaction k=1.25 in=acid,a out=b,acid ;
initialize acid expose_inv 1 ; Bake
initialize a 1 ;
initialize b 0 ;
bake ;
return a >
endbake ;
devrate 1 (5.63, 7.43, -12.6) ; 3 Development
devtime 60 ;
developrun ;
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Figure 4.9: Development profile for a chemical amplification resist using the input file in
Figure 4.8. The profile was obtained using an exposure dose of 50 mJ/cm? and
a bake time of 10 seconds.
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Figure 4.10: Development profile for the chemical amplification resist of Figure 4.9, but
with an exposure dose of 10 mJ/cm? and a bake time of 50 seconds.
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Figure 4.11: A general process flow for a silylation process.
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Figure 4.12: A SAMPLE-ARK input file for a silylation process based upon DESIRE and

the Plasmask resist.

lambda 0.248 ;

proj 0.42 ’ ;

linespace 0.5 0.5 ;

parcohdef 0 0.5 0.8 ;

vertrespts 150 ;

horwindow 1.0 0.25 ;

lhagerun ; Exposure
resmodel ((0.248))

(0.000, 0.600, 0.001)

(1.68, ((-0.02))) (1.0000) ;
layers (1.70,-3.38) ;
dose 150 ;
exposerun ;
startbake 1 ;
time = 10 ;
initialize pac expose 1 ;
diffuse silicon 3.5e-6*exp((1-pac) /0.1414) ;
diffsource silicon 1 ; Bake
bake ;
return silicon ;
endbake ;
printmvals ;



Figure 4.13: Contours of silicon uptake for a diffusion-controlled silylation process based
upon DESIRE using the input file of Figure 4.12 in SAMPLE-ARK.
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Figure 4.14: Contours of silicon uptake for a site-controlled silylation process using a t-
BOC chemical amplification.
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Figure 4.15: Contours of silicon uptake for a site-controlled silylation process using a t-
BOC chemical amplification with a 390% increase in the resin absorption
coefficient.

-

0.7:

Depth (microns)
( 2

&

/
7
| /

q 025 05 075
Horizontal Position (microns)

N/
v/
&/
)

=

96



CHAPTER 5

CHARACTERIZATION AND MODELING TECHNIQUES

A comprehensive set of materials characterization techniques and modeling software is
established in this chapter for the development of mechanistic models describing the
behavior of advanced resist technologies. The basic characterization methods proposed in
the general methodology of Chapter 2--optical transmission measurements, IR spectroscopy,
and interferometry--are refined for use in monitoring the chemical and physical changes that
occur during the processing of spin-coated resist materials. Alternative experimental
methods are also suggested for increasing data acquisition rates or to provide a supporting

role when the basic characterization techniques fail.

Newly developed software tools simplify the generation of mechanistic models from the
experimental data. A quantitative FTIR analysis program automates the extraction of
chemical species concentrations from characteristic absorption bands in the IR spectrum.
Other programs use nonlinear least squares methods to fit kinetic models and to calculate

reaction rate coefficients from experimental exposure and bake data.

5.1 INTRODUCTION

The collection of reliable quantitative data is essential for developing models that
accurately describe the behavior of a resist during processing. With the push to achieve
mechanistic models to gain a better understanding of the resist performance, characterization
techniques must provide information about the basic chemical and physical changes

occurring within the resist during each individual process step.



Several basic requirements have a significant impact on the experimental measurement
techniques selected for resist characterization. The use of standard processing procedures
(spin-coated resists, for example) during characterization helps ensure that the experimental
data are consistent with the actual resist behavior during processing. In addition, in-situ
measurement techniques are preferred for their rapid data acquisition rates in real time.
Some experimental methods, whether in-situ or not, are desirable because they directly
measure specific changes occurring within the resist (such as the concentration of a specific
chemical species). These techniques contrast with experimental measurements which
establish only an indirect relationship with the specific chemical or physical change of
interest. Unfortunately, trade-offs often exist between in-situ data collection and the direct
observation of specific resist changes. All of these factors must be balanced during each

ihdividual process step in order to achieve an optimized data collection process.
5.2 EXPOSURE CHARACTERIZATION AND MODELING
5.2.1 Optical Transmission Measurements

Dill’s ABC meodel, as described in Chapter 2, has been used successfully to describe the

exposure of diazo-type resists [1]. The Dill model is given by:
o(z,t) = AM(z2,1t) +B [5.1]
%M (z,1) = -I(z,)M(2,1)C [5.2]

where o is the absorption coefficient, I is the local illumination intensity, M is the normalized
concentration of PAC, z is the depth into the resist, t is the exposure time, A and B are the
bleachable and nonbleachable parts of the absorption coefficient, respectively, and C is the

bleach rate.
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This model actually applies to any simple photolytic reaction in which the rate of the
reaction is proportional to the illumination intensity. This simple photolytic reaction is

described by:

hv
$;=8, [5.3]
where S; and S; are the reactant and product species involved in the reaction. In the
generalized Dill model, M represents the normalized concentration of S, and C becomes the
reaction rate coefficient. In fact, this general Dill model can be applied to any system of
independent photolytic reactions occurring during the exposure. For example, Shacham-
Diamand fit two sets of ABC parameters to the deep-UV transmission of diazo-type resists:

one corresponding to the PAC destruction and the other corresponding to resin darkening [2].

The change in the absorption coefficient, as seen in equation [5.1], affects the resist
transmission during exposure. Dill ez al. found that by monitoring the transmission of diazo-
type resists, they could determine the extent of PAC destruction that occurred during
exposure by fitting the ABC parameters to the experimental results [1]. In theory, this
experimental technique also applies to the exposure of more complex resist processes. Based
upon this principle, Drako et al. devised an experimental system for monitoring resist
transmission when using a pulsed excimer laser in the deep-UV at 248 nm [3]. A schematic
of the experimental system is shown in Figure 5.1 (other aspects of this system will be
described later). To monitor the transmission, the resist is spin coated onto a quartz substrate
which is transparent in the deep-UV. The wafer sits on the wafer stage. The detector located
behind the quartz wafer monitors the resist transmission. The beam splitter situated in front
of the wafer stage sends part of the exposure energy to a second optical detector for use as a

reference signal.

t. 1-M is the concentration of S,.



The quartz substrate plays an important role in the resist transmission measurements.
Ideally, the refractive index of the quartz should match with the resist refractive index to
prevent reflections of the illumination energy back into the resist material. An anti-refection
coating is needed at the quartz/air interface as well to prevent coherent reflections back into
the resist. Figure 5.2a depicts this ideal configuration. Unfortunately, the quartz refractive
index does not match typical refractive index values for resists in the deep-UV. For example,
while quartz has a refractive index of 1.5 at 248 nm, Shipley SNR 2483, a resist for the deep-
UV, has a refractive index of about 1.79. In addition, the current quartz wafers used for
exposure modeling in Chapters 6 and 7 do not have an anti-reflection coating. Figure 5.2b
depicts the realistic configuration of these wafers currently in use for the transmission
measurements including reflections from the resist/quartz and the quartz/air interfaces.
Fortunately, these reflections can be accounted for when fitting the ABC parameters to the

resist transmission (see Section 5.2.2).

' Figures 5.3 and 5.4 show experimental transmission results for two different deep-UV
resists. Figure 5.3 shows the transmission versus exposure dose for Shipley SNR 248 resist.
This chemical amplification resist uses an acid catalyzed crosslinking reaction during the
bake to achieve high sensitivity [4] (see Chapter 6 for more details). The catalytic acid is
generated upon exposure. The transmission curve of Figure 5.3 show a definite exponential
behavior typical of a simple photolytic reaction. However, as will be demonstrated in
Chapter 6, the change in transmission results from an alternate reaction in the resist during
the exposure, and not the acid generation. Nonetheless, this ABC model does provide a
method for modeling both the resist absorption coefficient as well as the local concentration

of acid within the resist (see Section 5.2.4).

t. The excimer laser used in this system has a coherence length that is much longer than the quartz substrate thickness.
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Figure 5.4 shows the transmission versus exposure dose measurements for a second
chemical amplification resist for the deep-UV. In this resist, the photo-generated acid
catalyzes the removal of a t-BOC protecting group from the base resin [S]. The unusual
behavior of the resist transmission in Figure 5.4 is typical of a resist with multiple photolytic
reactions. For this resist, three distinct regions are visible which seems to indicate that at
least three chemical reactions occur during exposure. Consequently, in this case, the resist
transmission measurements alone do not provide sufficient information to determine which

region of the curve corresponds to the acid generation reaction (see Section 5.2.3).
5.2.2 Fitting the ABC Model

The ABC parameters are determined from the transmission data. Numerical techniques
are required to perform the fitting because of the complications resulting from the interface
reflections depicted in Figure 5.2b. As a result, a program that uses a nonlinear least squares
fitting algorithm [6] has been developed to determine the ABC parameters. The program has
its basis in the SAMPLE exposure routine [7]. ~This routine, described in Chapter 2,
determines the intensity and the subsequent PAC distribution throughout the resist as the
exposure progresses. The input to the program includes both the refractive index of the resist
and the quartz substrate. By summing the energy absorbed throughout the entire resist
thickness, the transmission for a given set of ABC parameters is easily calculated. The
nonlinear fitting routine proposed by Marquardt [8] iterates to find the ABC parameters that
minimize the mean square error. Figure 5.5 shows the fit obtained with this program to the
transmission data for the SNR 248 resist. The best fit to the data occurred using A =

~0.71 pm~!,B=1.16 pm’!, and C = 0.0023 cm¥mJ.

The program can also fit to the transmission data for resists in which multiple chemical
reactions occur simultaneously. However, the uniqueness of the fitted parameters may

depend on the specific nature of the transmission curve and needs further examination.
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Figure 5.6 shows the results obtained from fitting two sets of ABC parameters to the t-BOC
transmission curve of Figure 5.4. The initial decrease in transmission was not included in the
fit because the changes occurred too rapidly for accurate simulation of the transmission
within a reasonable time period. The best fit occurred with A; = 0.38 um™!, B, = 0.68 um’,
C, = 0.0044 cm?/mJ, A, = -0.38 um™}, B, = 0.57um™}, and C, = 9.3x10 cm?¥/mJ.

When using this program, any number of the parameters may be held constant during the
fitting. The usefulness of this feature was demonstrated for a second version of the t-BOC
resist using an onium salt as the acid generator. In this resist, the ABC parameters associated
with the resin alone were held constant when determining the parameters for the acid

generation reaction. This approach is described in more detail in Chapter 7.
§.2.3 FTIR Spectroscopy Measurements

The optical transmission measurements provide only an indirect measure of the exact
chemical changes occurring within the resist. In some resists, such as the t-BOC resist with
the corresponding traﬁsnﬁssion curve of Figuré 5.4, a more direct method is needed for the
individual measurement of the multiple photolytic reactions during exposure. One such
method, Fourier transform infrared (FTIR) spectroscopy, has the capability to perform this
differentiation. The peaks obtained in an IR spectrum correspond to the vibrational
frequencies of specific bonds within the resist material. The position, height, and shape of
these peak are determined by the specific chemistry of the bond, the number of bonds
present, and the local chemical and physical environment. By determining the size of a peak,
the number of bonds and thus the concentration of a given chemical species can be

quantified.

The diagram of Figure 5.1 includes the configuration of the FTIR measurement system.

The FTIR system scans over a range of wavelengths from 2.5 um to 25 pm." The resist

102



sample is located on the wafer stage. This stage can be moved to allow for the measurement
of various locations on the same sample. The entire experimental system of Figure 5.1 was
enclosed in a plexiglass box to control the atmospheric envhoﬁment The samples are
prepared by spin coating the resist on a silicon wafer. Since silicon is transparent in the IR,
these samples can be measured in the transmission mode. The silicon wafers are polished on

both sides to reduce the scattering associated with surface roughness.

The t-BOC resist that produced the transmission curve of Figure 5.4 provides an example
of the successful use of FTIR spectroscopy in the monitoring of resist exposure. In this
resist, the transmission curve of Figure 5.4 provides no particular information about the rate
of acid generation. However, the FTIR difference spectrum of Figure 5.7 taken before and
after exposure shows a distinct peak at 1540 cm™ which was attributed to the acid generation
reaction. By measuring the size of this peak at various exposure doses, the concentration of
acid, and thus the rate coefficient of acid generation, C = 0.0045 cm?/mJ, was determined as
shown in Figure 5.8. FTIR spectroscopy, however, does not provide a foolproof method for
monitoring the resist exposure. In both the Shipley SNR 248 resist and in the t-BOC resist
with the onium salt acid generator, no discernible peaks in the FTIR spectrum could be

attributed to the acid generation reaction.

5.2.4 Comments on the Exposure of Chemical Amplification Resists

The experimental techniques described thus far have met with somewhat limited success
in modeling the acid generation during exposure for some chemical amplification resists
such as Shipley SNR 248 resist. In modeling the exposure, two componeﬁts must be
considered: the absorption coefficient and the local concentration of acid. Measuring of the

resist transmission and fitting Dill’s model to the results will, by definition, include an

. This wavelength range corresponds to a range of 4000 cm™! 10 400 cm’! in wavenumbers.
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accurate description of the absorption coefficient. In fact, for all of the chemical
amplification resists studied thus far, the change in transmission over lithographically useful

doses is sufficiently small such that a constant absorption coefficient can be assumed.

The problem with modeling the exposure concerns the accurate simulation of the local
acid concentration. For the SNR 248 resist, no legitimate tag for the acid was found in either
the transmission or FTIR measurements. Although methods were developed for monitoring
acid generation in the t-BOC resist for both acid generators (see Chapter 7 for details),
considerable effort was required. Fortunately, the nature of chemical amplification resists in
the deep-UV provides for a simplifying assumption that alleviates some of the problems
associated with modeling the acid generation. The catalytic reaction during the bake of these
resists provides high sensitivity such that typical exposure doses convert only a small
fraction of the acid generator to acid. In this case, the local acid concentration is linearly
proportional to the energy absorbed at that point. Therefore, by accurately modeling the
absorption coefficient of the resist alone, the local acid concentration is known to within a
multiplicative constant. Since this error is a constant factor throughout the resist, modeling
the exposure in terms of the absorption ccefficient alone does not seriously affect the overall

accuracy of the final model for chemical amplification resists.

5.3 BAKE CHARACTERIZATION AND MODELING
5.3.1 FTIR Spectroscopy

FTIR spectroscopy provides a direct measurement technique for monitoring the
concentration of a given chemical bond within the resist during the post-exposure bake. The
tracking of a single chemical species concentration with FTIR spectroscopy was already
demonstrated in determining the rate coefficient of acid generation during the exposure of a

t-BOC chemical amplification resist in the previous section. When using FTIR spectroscopy

104



to monitor the chemical changes occurring during the bake, the important peaks must be
identified and associated with the appropriate chemical bond. The size of the peak must then

be quantified to determine the chemical concentration.

5.3.1.1 FTIR Measurement Techniques

The techniques required to successfully obtain quantitative information from FTIR
spectroscopy depend strongly on the resist material under study. The following section

details the variety of these techniques through several relevant examples.

Figure 5.9 shows an FTIR spectrum for the t-BOC chemical amplification resist
discussed earlier. This resist provides an ideal spectrum for characterization of the bake. In
this resist, photo-generated acid removes a t-BOC protecting group from the resin [5]. The
characteristic peak at 1760 cm™ provides a direct measure of this deprotection reaction. This
peak, in addition to being significantly larger than any noise present within the measurement,

_is well isolated from other peaks allowing for the easy extraction of quantitative peak size

information.

For other resists, the chemical changes occurring during the bake produce no discernible
peaks in the raw FTIR spectrum for quantitative analysis. In cases where subtle changes in
the FTIR spectrum are not observable in the raw data, a difference spectrum, in which the
measurements before the bake are subtracted from the measurements after the bake, can
often provide useful information. In this type of difference spectrum, downward peaks
correspond to the disappearance of a bond during the bake while an upward peak

corresponds to the creation of a bond.

Figure 5.10 shows difference spectra obtained for the post-exposure bake of Shipley
SNR 248 resist in which an acid catalyzed crosslinking reaction occurs. The peaks at
1070 cm™! and 990 cm™! can be attributed to the crosslinking reaction. The need for using a
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difference spectrum in this case becomes obvious upon examination of the magnitude of the
absorbance changes in Figure 5.10 which are two orders of magnitude smaller than the
absorbance values in the raw spectrum of the t-BOC resist in Figure 5.9. In order to obtain
quantitative information from such small absorbance changes, the measurement noise must

be minimized.

The loss of spinning solvent during the post-exposure bake must be accounted for when
using difference spectra to obtain quantitative concentration values. Solvent bake-out may
produce significant peaks in an FTIR difference spectrum. The loss of solvent during the
bake for SNR 248 resist can be easily observed by taking a difference spectrum for an
unexposed region of the resist where no crosslinking occurs. The resulting spectrum, shown
in Figure 5.11, contains two peaks at 1240 cm™! and 1090 cm™! which nearly coincide with
the characteristic crosslinking peaks of Figure 5.10. To remove this solvent bake-out effect
so that the crosslinking can be accurately quantified, the solvent loss spectrum must be
subtracted from any measurements taken in the exposed regions of the resist where both

crosslinking and solvent bake-out occur. Mathematically, this process is given by:
F = [E,-Eg]l - [U,-Ugl [5.4]

where F is the final difference spectrum, E and U are spectra obtained in the exposed and
unexposed regions of the resist, and the subscripts B and A correspond to spectra obtained
before and after the bake, respectively. The second term of this equation represents the
solvent bake-out spectrum. The subtraction process described by equation [5.4] produced the

crosslinking spectra of Figure 5.10.
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5.3.1.2 Extracting Data from FTIR Spectra

The size of a peak in an FTIR spectrum determines the number of associated chemical
bonds within the resist. Measurement of the peak size can thus lead to a quantitative value
for the concentration of a given chemical species. Several analytical methods provide
quantitative peak size information. In the most rigorous approach, the area of the spectrum
beneath the peak is integrated. If the shape of the peak remains constant during the bake,
then evaluation of the maximum peak height represents an alternative measure for the peak

area.

A user-oriented software tool has been written for extracting quantitative data from FTIR
spectra based on these peak measurement techniques. In most cases, evaluation of the peak
size requires the calculation of a baseline. This baseline follows the shape the spectrum
would follow without the absorbing peak present. The program fits a polynomial baseline to
any user-specified region of the curve. Figure 5.12 demonstrates the fitting of an eighth
order polynomial baseline to the FTIR spectrum for the t-BOC resist in the region
surrounding the characteristic deprotection peak at 1760 cm’, By selecting among a list of
available options, the user may request either the integration of the area between the
spectrum and the baseline or, more simply, evaluation of the maximum displacement

between the two curves.

For difference spectra such as that shown for SNR 248 in Figure 5.10, calculation of a
consistent baseline becomes difficult when absorbance changes are on the same order as the
noise. However, in the difference spectra of SNR 248, the characteristic crosslinking peaks
at 990 cm™! and 1070 cm’! increase in size at a proportional rate. In cases such as this, the
program is capable of quantifying the post-exposure bake reaction by calculating the
maximum peak-to-peak difference between the two peaks such that no baseline fitting is
required.
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The large number of techniques available in this program for determining chemical
species concentrations from FTIR spectra combine to provide a powerful tool for
streamlining the data extraction process. Once the method for extracting the relevant data for
a given resist has been established, the program can produce an entire set of data from FTIR
measurements taken at a single bake temperature. Figure 5.13 shows a complete data set
obtained at various exposure doses and bake times for the t-BOC resist using the baseline
fitting approach described earlier. Each data point in this set corresponds to the measurement

of one FTIR spectrum.

5.3.2 Interferometric Measurements

While FTIR spectroscopy provides a direct measurement of the chemical changes
occurring within the resist, obtaining a full set of data necessary for complete
characterization can be a long and tedious process. For some resists, however, FTIR
measurements are ideally suited for correlation with other indirect, but in-situ, measurement

techniques to produce rapid data collection in real time.

For the t-BOC chemical amplification resists, Spence et al. have shown that the resist
shrinks during the post-exposure bake, and that the extent of the thickness loss is linearly
proportional to the amount of deprotection as shown in Figure 5.14 [9]. By monitoring the
thickness change during the bake, the extent of deprotection in this resist can be indirectly

measured.

Interferometry is a commonly used technique for the in-situ measurement of thickness
change in thin films. The Perkin-Elmer Development Rate Monitor (DRM)T is a
commercially available interferometric tool for monitoring resist dissolution [10]. The DRM

was modified to measure thickness loss of the t-BOC resist during the bake by replacing the

¥. See section 5.4 for a more detailed description of the DRM.
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development tank with a hot plate [9]. When the exposed wafer is placed in contact with the
hot plate through a vacuum chuck, the interferometric measurement system is activated. The
DRM can monitor several exposure zones simultaneously leading to rapid data acquisition.
A plot of deprotection (thickness loss) as a function of bake time for several exposure doses
on a single wafer is shown in Figure 5.15. The rate of data acquisition (200 seconds + set-up
time) compares favorably with the time required to obtain the set of data using FTIR

spectroscopy in Figure 5.13 which took approximately two hours to complete.
5.3.3 Kinetic Modeling of Bake Data

The derivation of a model describing the post-exposure bake of a resist requires the
conversion of the species concentration information to a kinetic description of the resist
behavior. Obviously, this conversion depends upon the type of resist and the kind of
reactions occurring within the resist during the bake. However, some issues involved in
determining the kinetic bake model are applicable to most resist systems and thus merit

further discussion.

The characterization methods described thus far can be classified as bulk measurement
techniques. In other words, the species concentrations obtained when using these methods
actually correspond to an average value over the entire resist thickness. Any attempt to
model the data must take this bulk averaging into account. By using the SAMPLE-ARK
program described in Chapter 3, different kinetic models can be compared with experimental
data by solving the kinetic equations at each point in the resist and then averaging the results
over the resist thickness. Ideally, an automated fitting routine could determine the optimum
kinetic model and evaluate the reaction rate coefficients. However, at present, a trial-and-

error method is still required to produce a kinetic model in most cases.
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Sometimes the differential equations which describe the resist kinetics have an analytic
solution. This, in fact, occurs for both of the acid catalyzed resist systems discussed in
Chapters 6 and 7. For these chemical amplification resists, a least squares fitting routine has
been developed for modeling the resist kinetics. This program, which is similar to the ABC
fitting program described earlier, calculates the reaction rate coefficients that provide the best
fit to the experimental data. Figure 5.16 shows the resulting fit to the modified DRM data for

the t-BOC resist using the simple catalytic model:

DeprotectionRate = k[T] [A]™ [5.5]

where [T] is the concentration of t-BOC groups, [A] is the concentration of photo-generated

acid, k is the rate coefficient, and m is the acid concentration power term.
5.3.4 Measuring the Diffusion Coefficient

At this point, no fast and reliable technique that is consistent with standard resist
processing has been found to measure diffusion coefficients accurately. Determination of the
diffusion coefficient becomes especially difficult when the diffusion coefficient depends
upon chemical species concentrations within the resist. The accurate determination of
diffusion coefficients within the resist is an issue that must be addressed in the future in order
to obtain a complete understanding of some of the more important resist technologies

available today such as chemical amplification and silylation.

5.4 DEVELOPMENT CHARACTERIZATION AND MODELING

To model the resist development, the dissolution rate must be related to the chemical
species concentrations within the resist following the bake. Dill et al. first used this
technique in expressing the dissolution rate of diazo-type resists in terms of the normalized

PAC concentration [1]. Modeling the development of complex resist materials requires both
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an experimental measurement system for monitoring the dissolution rate as well as a
powerful software package for fitting various dissolution rate models to the experimental

data.
5.4.1 Dissolution Rate Measurements with the DRM

Interferometric techniques were first pioneered by Dill et al. for monitoring resist
dissolution [1]. Since that time, the Perkin-Elmer Development Rate Monitor (DRM) has
become the primary instrument for high-speed, dissolution rate data acquisition. The DRM
uses optical reflectivity at a nonexposing wavelength to monitor thin film thickness
variations. A photodicde array provides the ability to track multiple zones on a single wafer
simultaneously. Figure 5.17 shows a typical interferometric signal obtained from the DRM
for SNR 248 resist. From this raw data, the resist dissolution rate can be calculated. Figure
5.18 shows the resulting plot of the dissolution rate in SNR 248 resist as a function of depth

in the resist for several different exposure doses.

5.4.2 Parameter Extraction with PARMEX

The dissolution parameter extraction program PARMEX developed at the University of
California at Berkeley provides a powerful tool for correlating the dissolution rate with the
chemical state of the resist following the bake [11]. Initial versions of PARMEX could be
used to fit various dissolution rate models describing the development of diazo-type resists in
terms of the PAC concentration. In a more recent version of PARMEX developed by Chiu
[12], the dissolution rate can be correlated with chemical species concentrations from kinetic
bake models as calculated by SAMPLE-ARK. For example, Figure 5.19 plots the dissolution
rate of SNR 248 resist versus the concentration of two different species following the post-
exposure bake. In Figure 5.19a, two distinct curves result when plotting the dissolution rate

as a function of photo-generated acid concentration at two different bake temperatures. This
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result indicates that the acid concentration dees not uniquely determine the dissolution rate.
However, when the dissolution rate is plotted as a function of activated crosslinking site
concentration, a good measure of the crosslinking reaction (see Chapter 6), a single-valued

function is obtained as seen in Figure 5.19b.
5.5 SUMMARY

A set of resist characterization techniques has been explored for monitoring the chemical
and physical changes that occur within resist materials during processing. Emphasis has
been placed on achieving rapid data acquisition rates in a manner consistent with standard
resist processing. The methods discussed in this chapter include optical transmission, FTIR
spectroscopy, and interferometric measurements. FTIR spectroscopy provides a powerful
tool for directly monitoring specific chemical bonds within the resist during the exposure and
bake. However, FTIR spectroscopy does not provide real-time data acquisition. Alternative
in-situ techniques such as optical transmission during the exposure and interferometry during
the bake (for t-BOC resists) indirectly monitor the chemical chaﬁges in real time but must be

correlated with more direct measurements such as FTIR spectroscopy.

Newly developed simulation tools provide a useful aid in generating mechanistic models
from experimental data. One program designed for quantitative FTIR analysis provides a
variety of techniques for calculating chemical species concentrations within the resist from
FTIR spectra. These techniques include baseline fitting and peak size evaluation through
integrated area, maximum height, or peak-to-peak calculations. Other programs based on
least squares algorithms accurately determine fitting parameters from experimental data.
One such program performs a rigorous simulation of the resist/quartz stack in modeling
optical transmission data in terms of one or more photolytic reactions using Dill’s ABC

parameters. Another program designed for chemical amplification resists can evaluate rate
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coefficients for acid catalyzed bake reactions given a complete set of chemical species

concentrations.
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Figure 5.1: A diagram of the experimental system used for resist characterization [3].
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Figure 5.3:

Transmission (%)

Figure 5.4:

Transmission (%)

Transmission versus exposure dose for Shipley SNR 248 resist.
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Figure 5.5:

Transmission (%)

Figure 5.6:

Transmission (%)

Comparison of Dill’s ABC model calculated using the ABC fitting program
with experimental transmission data for SNR 248 resist.
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Figure 5.7: FTIR difference spectrum of exposed t-BOC resist with the peak at 1540 cm!
indicative of acid generation.
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Figure 5.8: Plot of acid concentration as measured by FTIR spectroscopy versus exposure
dose. Simulated curve corresponds to a rate coefficient of C = 0.0045 cm?/mJ.
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Figure 5.9: FTIR spectra of a t-BOC resist. The peak at 1760 cm™ provides a measure of
the deprotection reaction.
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Figure 5.10: FTIR difference spectra for SNR 248 resist. Peaks at 990 cm™ and 1070 cm’
provide a measure of the crosslinking reaction.
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Figure 5.11: FTIR difference spectrum of solvent bake-out in SNR 248 resist.
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Figure 5.12: FTIR spectrum of a t-BOC resist including an eighth-order polynomial baseline
fit in the region of the characteristic deprotection peak at 1760 cm™.
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Figure 5.13: Complete set of deprotection data for a t-BOC resist for a single bake
temperature calculated using the FTIR data extraction software.
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Figure 5.15: Extent of deprotection versus bake time for a t-BOC resist as measured by the

modified DRM.
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Figure 5.16: Kinetic model for the t-BOC deprotection data measured on the modified
DRM. The model was calculated using the automated fitting software.
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Figure 5.17: Raw interferometric signal from the DRM for the development of SNR 248
resist.
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Figure 5.18: Dissolution rate of SNR 248 resist versus thickness for several exposure zones
as measured on the DRM.
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Figure 5.19: Correlation of the dissolution rate of SNR 248 resist with a) acid concentration
and b) concentration of activated crosslinking sites (extent of crosslinking) as

calculated by PARMEX.
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CHAPTER 6

MODELING OF AN ACID HARDENING RESIST

A modeling methodology for a class of resist materials that rely on the acid catalyzed
crosslinking of the resin matrix during a post-exposure bake is presented. This methodology
is used to derive a complete and quantitative model for a production worthy state-of-the-art
deep-UV resist, Shipley SNR 248 [1]. The model is based on the chemical and physical
mechanisms which determine the resist behavior during the exposure, post-exposure bake,

and development processes.

Results of the modeling study suggest that both the nature of the acid catalyzed crosslink-
ing reaction as well as the crosslinking agent structure strongly influence the resist behavior.
The crosslinking reaction during the bake is monitored through the characteristic IR absorp-
tion bands at 990 cm™ and 1070 cm™!. In deriving a kinetic model for the acid catalyzed
crosslinking during the bake, an additional acid loss reaction is necessary to successfully
explain the dose-dependent saturation of the crosslinking data. A dissolution rate model
based upon the crosslinking agent structure and crosslinking-induced molecular- weight
changes is found to fit the experimentally measured dissolution data quite well. Simulation
results using SAMPLE-ARK are compared with experiments. Good correlation is obtained
between simulated development profiles and experimental results over a range of post-expo-

sure bake conditions and mask patterns.
6.1 INTRODUCTION

As photolithography moves towards deep-UV exposure wavelengths, new resist materi- _
als are required to overcome the low sensitivity and high absorption of standard g-line resist
technologies. Resists with chemical amplification have shown both high sensitivity and con-
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trast in the deep-UV [1][2][3]. In these resists, photo-exposure first generates an acid within
the resist. During the subsequent post-exposure bake, the resist undergoes an acid catalyzed
reaction which determines the resist solubility during development. Although much work
has been done to improve the performance of these resists, many of the mechanisms that
determine the resist performance are still not well understocd. Detailed studies of the resists
based upon the chemical reaction kinetics and physical mechanisms of the exposure, bake
and development steps can lead to both an improved understanding of these mechanisms and
to resist models which can accurately simulate the resist behavior under a variety of process-

ing conditions.

In one class of chemical amplification resists, acid catalyzed crosslinking during the
post-exposure bake leads to a negative tone resist image [1]. Mechanistic approaches to the
modeling of this resist have demonstrated promise in understanding resist behavior. Seligson
et al. combined the exposure dose, bake temperature, and bake time into an effective dose
parameter required to generate resist patterns [4]. This work was extended to a more recent
version of this resist, Shipley SNR 248, in the work of Das et al. [5]. Fukuda and Okazaki
used resist dissolution measurements to model the kinetics of the crosslinking reaction [6].
Recently, Ziger et al. proposed a general model for chemical amplification resists and then
extracted modeling parameters from characteristic curves of thickness remaining versus

exposure dose for the SNR 248 resist [7].

While all of these models use mechanistic approaches which account for the changes that
occur within the resist during processing, none of them provide a direct measure of these
changes during the individual processing steps. Unfortunately, this type of insight is invalu-
able in attaining a complete understanding of the resist behavior. The general modeling
methodology proposed in Chapter 2 provides such a means for directly measuring these

changes during the exposure, post-exposure bake, and development of the resist. In this
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chapter, the application of this methodology to Shipley SNR 248 resist results in the develop-
ment of a mechanistic based working model for the simulation of resist development profiles
over a range of post-exposure bake conditions for this state-of-the-art deep-UV resist mate-

rial.
6.2 RESIST CHEMISTRY, PREPARATION, AND PROCESSING

Shipley SNR 248 resist consists of a poly(p-vinyl phenol) resin’, a melamine crosslink-
ing agent, and a photo-acid generator [1]. The structure of the poly (p-vinyl phenol) resin is
shown in Figure 6.1a. Figure 6.1b shows the chemical structure of the melamine crosslink-
ing agent. Upon exposure, the acid generator produces hydrobromic acid. During the subse-
quent post-exposure bake, the photo-generated acid catalyzes a crosslinking reaction
between the melamine crosslinking agent and the resin. The extent of this crosslinking deter-
mines the dissolution rate in aqueous alkaline developer during the development. The resist
becomes insoluble in the regions where the crosslinking has occurred resulting in a negative

tone image of the mask pattern.

The resist samples for the modeling experiments were prepared by first spin coating the
Tesist on a substrate at a speed of 4000 rpm for 30 seconds. The resist was spun onto quartz
substrates for the transmission experiments, double-polished silicon wafers for the FTIR
measurements, and standard silicon wafers for the dissolution rate measurements on the
DRM. A pre-exposure bake of 100°C for 1 minute followed the spin to remove excess sol-
vent. A KrF excimer laser was used to perform the exposures of the resist at the deep-UV
wavelength of 248 nm. Following the exposure, the resist was baked on a hot plate at tem-

peratures ranging from 130°C to 150°C to drive the crosslinking reaction. The resist was

developed in 0.135N MF312 developer at 21°C.

. This resin is also known as poly(p-hydroxystyrene).
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6.3 MODELING THE EXPOSURE

The exposure of diazo-type resists has typically been modeled by fitting Dill's ABC
parameters to measurements of resist transmission as a function of exposure dose as dis-
cussed in Chapter 2 [8]. An accufate exposure model for SNR 248 resist should account for
both the absorption coefficient of the resist as well as the local acid concentration. - Resist
transmission measurements for SNR 248 were made in order to model the absorption coeffi-
cient using the techniques described earlier in Chapter 5. ABC parameters corresponding to
a single photolytic reaction were detennined by fitting the experimental transmission data
with modified SAMPLE simulations of the resist/quartz substrate stack transmission using a
refractive index of 1.79 for the resist (see Chapter 5). Figure 6.2 compares the experimental
measurements with simulation using the fitted parameters of A = -0.71 pm’}, B = 1.16 um’},
and C = 0.0023 cm?/m]. With these parameters, the Dill model fits the experimental data

quite well. The negative value obtained for the A parameter accounts for the resist darkening

observed experimentally.

The reaction rate coefficient for the acid generation reaction is needed to determine the
local acid concentration as a function of the exposure dose. In measuring the resist transmis-
sion, it was hoped that the C value obtained in fitting the Dill model to the experimental data
would correspond to this rate coefficient. However, other reactions may occur simulta-
neously that affect the resist transmission as well. For this reason, FTIR spectroscopy was
used in conjunction with the optical transmission measurements to monitor the exposure
related chemical changes. While no changes occurred in the IR spectrum that could be attrib-
uted to acid generation, the peak at 1560 cm’!, characteristic of the melamine crosslinking
agent, decreased at a similar rate to the resist transmission as shown in Figure 6.3. As a

result, an alternate reaction in the melamine unrelated to the crosslinking, rather than acid

generation, may account for the observed darkening.
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Further evidence derived from measurements on a version of SNR 248 resist with three
times the amount of acid generator supports this conclusion. Figure 6.4 plots the transmis-
sion versus dose for both the standard version of SNR 248 and the 3X version. As expected,
the overall transmission decreases with higher loadings of the acid generator. In each resist
mixture, if the darkening in the resist transmission results from acid generation, then the
experimentally determined A parameter should be proportional to the concentration of acid
generator within the resist [8]. A simplified expression for the A parameter can easily be

derived [8] such that:

akyol

A= p

(6.1]

where d is the resist thickness and T(t) is the resist transmission at time t. Using this expres-
sion, it can easily be shown that the value of the fitted A parameter remains essentially inde-
pendent of acid generator concentration. This result indicates that the acid generation
reaction probably does not cause the experimental resist transmission darkening as sus-

pected.

These results seem to establish a significant roadblock in modeling the complete resist
process. Fortunately however, because of the nature of chemical amplification resists in the
deep-UV, use of this ABC model in calculating the local acid concentration adds very little
inaccuracy to the overall resist model. The lithographically useful dose for this resist
(< 50 mJ/cm?) is much smaller than the dose required to convert typical acid generators
completely to acid (> 1000 mJ/cm?) [9]. Therefore, it is expected that the resist is operating
in a region where the local concentration of generated acid is approximately proportional to
the exposure dose at that point, just as pl.'edicted with the fitted ABC model. Consequently,

the simulated concentration of acid should be, at worst, in error by a multiplicative factor
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only which will not significantly affect the overall accuracy of the model. However, to gain
a better understanding of the resist exposure, further work is still required to determine the

acid generation rate coefficient more accurately.

The importance of the optical properties of the resin in determining the resist perfor-
mance can be easily understood from resist transmission measurements. Figure 6.5 shows
the transmission versus exposure dose for an earlier version of the resist, XP-8798, that used
anovolak resin. Novolak resins absorb much more strongly than poly (p-vinyl phenol) in the
deep-UV as demonstrated by the lower transmission values in Figure 6.5. This absorption in
the resin can lead to non-vertical sidewalls that seriously affect the ability of a resist to both
resolve small features and to act as an etch mask during the pattern transfer process. Further-
more, in negative resists, the re-entrant profiles that result from high absorption can seriously

impede both inspection and metrology.

6.4 MODELING THE BAKE

From the exposure model, the local concentration of acid at any point in the resist, within
a multiplicative factor, can be determined as function of exposure dose, resist thickness, and
substrate reflectivity. Modeling of the post-exposure bake consisted of relating the local
extent of crosslinking to the photo-generated acid concentration through chemical reaction
kinetics. The SAMPLE-ARK program described in Chapter 3 was used to simulate the

kinetics of the crosslinking reaction at each point in the resist.

The structure of the melamine crosslinking agent is critical to the crosslinking reaction.
Part of the melamine molecule from Figure 6.1b is reproduced in Figure 6.6. During the
post-exposure bake, the ether groups on the melamine (CH,OR where R is an alkyl group),
termed crosslinking sites, will bond to the resin. The sites that attach to a resin chain

(CH,0Ar where Ar is the aromatic ring of the resin) have been termed activated crosslinking
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sites. For asingle crosslinking event to occur, a connection or bridge must form between two
different resin chains through the crosslinking agent. As a result, a melamine molecule must
have at least two activated sites to participate in the crosslinking of the resin network. This
result will have important consequences in the derivation of the dissolution rate model. The
extent of crosslinking that occurs during the bake is thus described by the total number of

crosslinking events and, consequently, by the number of activated crosslinking sites.

A reaction mechanism proposed by Blank for the activation of the crosslinking sites is
shown in Figure 6.7 [10]. The mechanism consists of four chemical reactions. The regener-
ation of the acid in the final reaction produces the catalytic nature of SNR 248 that is funda-
mental to the resist behavior. With this acid catalyzed reaction, each acid molecule generated
during exposure can activate many crosslinking sites during the bake, and thus the name

chemical amplification has been applied.

A simplified kinetic model can be derived from the proposed crosslinking mechanism by
assuming that the formation of the carbonium ion in the second reaction is the rate limiting
step [10]. In addition, the alcohol produced in the second reaction of the crosslinking mech-
anism should evaporate from the thin resist film during the bake leading to an irreversible

reaction. The resulting model is given by:

acas
9t = kl Cusca [6.2]

where C,; is the normalized concentration of activated crosslinking sites, C, (Cys =1 - Cy)
is the normalized concentration of unactivated crosslinking sites, C, is the normalized con-
centration of acid, and k, is the reaction rate coefficient. Due to the poor quality of the fit
with this simple model, two further additions became necessary. The reason for these addi-

tions will become apparent shortly. First, an acid loss reaction was included to quench the
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crosslinking reaction. Also, the acid concentration term of the crosslinking reaction was

raised to the m™ power (m > 1). With these additions, the generalized model is then given

by:
aC
ﬁ as = klcusc? . [6'3]
aC
5 = ~kC, [6.4]

where k; is the rate coefficient for the acid loss reaction. These differential equations can be
solved analytically leading to an expression for the concentration of activated crosslinking

sites given by:

C“=Ccs(1—exp[ ‘“’(mkz)(l e”"‘z)D [6.5]

where C_; is a constant representing the total concentration of crosslinking sites and C,, is

the initial concentration of photo-generated acid.

FTIR spectroscopy was used to monitor the extent of crosslinking during the bake and to
determine the bake model parameters ki, ky, and m. Chapter 5 describes in more detail the
use of FTIR spectroscopy for monitoring chemical changes in resist during baking. To avoid
the large standing waves generated during exposure on silicon, a hard baked layer of KTI 820
resist was used as an anti-reflection coating. The effect of resist thickness changes on FTIR
measurements from wafer to wafer decreased substantially with this modification. Typical
FTIR results are shown in Figure 6.8 for a 2 minute bake at 150°C. Each of the spectra was
obtained by subtracting the spectrum before bake from the spectrum after the bake. The
effect of solvent loss was also removed. The downward peak at 1070 cm™], corresponding to

areactant in the reaction, was assigned to the unactivated crosslinking sites while the upward
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peak near 990 cm™!, corresponding to a product, was assigned to the activated crosslinking
sites. The peaks at 990 cm™! and 1070 cm ! increased at the same relative rate as predicted
from the model. Consequently, to reduce the noise associated with fitting a baseline, peak-
to-peak measurements were used to quantify the concentration of activated sites, and thus the
extent of crosslinking during the bake. Results were normalized to the largest peak-to-peak
absorbance obtained at high exposure doses (> 50 mJ/cm?): 0.022 on bare silicon and 0.026

when using an anti-reflection coating.

A matrix of experiments was performed at various exposure doses and bake times for
bake temperatures of 130°C, 140°C, and 150°C to determine the model parameters. A value
of m = 1.42 gave the best fit over the entire temperature range. Figure 6.9 shows the experi-
mental results and the model for the three bake temperatures. The acid loss reaction of equa-
tion [6.4] was included to model the dose-dependent saturation of the curves in Figure 6.9.
Without some type of an acid loss mechanism, the crosslinking would follow a simple cata-
lytic behavior in which the activation of crbsslinking sites would proceed to completion irre-
spective of the exposure dose. It is apparent from the results of Figure 6.9, however, that
something causes the cessation of the crosslinking reaction before it reaches completion, and
thus the need for the acid loss mechanism. While the simple first-order acid loss reaction of
equation [6.3] does seem to fit the data quite well, other possible mechanisms such as the
reduction of acid diffusivity due to crosslinking or out-diffusion of acid from the resist may

also be responsible for this dose-dependent saturation behavior.

The temperature behavior of the two experimentally determined rate coefficients, k; and
ko, follows an Arrhenius behavior as depicted in Figure 6.10. Therefore, these rate coeffi-

cients can be expressed as a pre-exponential term and an activation energy:
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k= k L 6.6
; = KioXPD —KB [6.6]

where Ky is Boltzmann's constant and T is the bake temperature. The best fit to the data, as
shown in Figure 6.10, was obtained with ki, = 6.56 x 10!! sec’!, E,; = 0.88 eV, ko, =
4600 sec™!, and E,p = 0.43 eV.

6.5 MODELING THE DEVELOPMENT

The third step in the modeling process consists of relating the dissolution rate to the
extent of crosslinking that occurred during the post-exposure bake. The crosslinking reaction
during the bake increases the molecular weight of the resin. The dissolution rate of polymers
has previously been related to the average molecular weight of the polymer through a general
empirical expression given by [11]:

1
Rate o< —u [6'7]

M

w

where M, is the average molecular weight and o is an empirical constant dependent upon
both the bolymer itself as well as the solvent. During the crosslinking reaction, the total
weight contained in the resin remains constant at nM,(initial)’ where n is the initial number
of resin chains. Each crosslinking event that occurs effectively removes one resin chain from
the total number of chains when the initial number of chains is much larger than the number
of crosslinking events.* Therefore, the average molecular weight during the crosslinking

reaction can be expressed as:

. This model assumes that the crosslinking agent has little effect on the weight of a given resin chain once it becomes
attached to it.

}. The reduction in the number of resin chains by one through a single crosslinking event assumes that the crosslinking
agent does not connect to the same resin chain twice.
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nM,, (initial)

wS "W CE [6.81

Combining equations [6.7] and [6.8] results in an expression for the dissolution rate in terms
of the number of crosslinking events which is given by:

Rate =Ro(1—%)a [6.9]

o

where CE is the number of crosslinking events and R,,, C,, and o are dissolution model fit-

ting parameters.

The model for the bake, however, was defined in terms of the concentration of activated
crosslinking sites, not the number of crosslinking events. Therefore, the dissolution model is
not quite complete. The number of crosslinking events must be related to the concentration
of activated crosslinking sites. In SNR 248 resist, the melamine crosslinking agent cc;ntajns
six crosslinking sites. However, a more general approach can be taken in deriving a model
for any number of crosslinking sites, ng, which can then be made more specific for SNR 248
resist which is believed to be represented by ng = 6. The probability of activating k of n,

sites follows a binomial distribution and is given by:

Pk = (’,’:Jcﬁs (1-C, )" * [6.10]

After the activation of the first site on each melamine, activation of each remaining site
effectively reduces the number of resin chains by one, and thus leads to one crosslinking

event. Therefore, the expected value for the number of crosslinking events is given by:
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n

CE =n,, Y, (k=1)P (k) [6.11]

k=2
where n, is the number of melamine molecules. Combining equations [6.9] and([6.10]
results in an expression for the crosslinking events in terms of the concentration of activated

crosslinking sites. For ng = 2, this expression becomes:
= 2
CE =n,C_ [6.12]
while for SNR 248 with ng = 6, this expression becomes:
CE = n,[15C%,-20C3, +15C* -6C3_ +C5.] [6.13]

The dissolution rate as a function of depth within the resist and exposure dose was mea-
sured using the Perkin-Elmer DRM [12] as described in Chapter 5. The dissolution parame-
ter extraction program PARMEX [13] correlated the measured dissolution rate with the
concentration of activated sites as determined from the bake model. Equation [6.9] in combi-
nation with equation [6.13] was then fit to the data to obtain the three fitting parameters. Fig-
ure 6.11 compares the resulting model using R, = 350 A/sec, C, = 6.3, and o, = 6.5 with
experimental data for bake temperatures of both 130°C and 140°C. This dissolution model
based on changes in the molecular weight fits the experimental data quite well. In addition,
the fact that the measured dissolution rate produces a single valued function with respect to
the concentration of activated crosslinking sites for two separate bake temperatures supports
the validity of the bake model for different post-exposure bake conditions. As a result, the
two FTIR peaks used to monitor the crosslinking reaction do provide a good measure of the

resist dissolution characteristics as predicted.
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Recently, Thackeray et al. have shown that the consumption of the hydroxyl group on the
resin during the crosslinking reaction (see Figure 6.7) provides an alternative mechanism for
dissolution inhibition [14]). However, the dominant mechanism, at this point, has yet to be
determined. While the molecular-weight-based model of equation [6.9] does not include this
alternative mechanism, the approach used in modeling the dissolution rate can be readily
adapted to include an additional postulated term based on the hydroxyl-consumption mecha-
nism. However, at this point, it is debatable whether such an expression would provide a
more in-depth understanding of the mechanisms involved in the resist dissolution. A more
complex expression may simply provide a better empirical fit to the experimental data with

more available fitting parameters.

6.6 COMPARISON OF SIMULATION WITH EXPERIMENTAL RESULTS

The exposure, post-exposure bake, and development models were combined to simulate
resist development profiles. Experimental resist images were generated at Intel on a Nikon
deep-UV stepper with A =248 nm, NA = 0.42, and ¢ = 0.5. The resist was approximately
1 pm thick. Figure 6.12 compares the results obtained with a 0.4 um equal lines and spaces
pattern and a post-exposure bake of 130°C for 60 seconds. To normalize to the exposure
conditions in the experiments from Intel without precise knowledge of resist thickness and
stepper illumination, the dose was increased by a factor of 1.4 (from 30 to 42 mJ/cm?2) such
that large areas cleared in about 1/4 of the total development time as was observed experi-
mentally. With this dose adjustment, the simulated profile shape correlates well with the

experimental profiles.

In Figure 6.13, results are compared for the same pattern using a post-exposure bake of
140°C for 60 seconds. Without changing the normalization factor for the dose, the simulated
and experimental resist lines show a similar degree of undersizing for a 18 mJ/cm? dose
experimentally and a 25.2 mJ/cm? dose in the simulation. The observed similarity between
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results at different bake temperatures is a second verification that the model accurately pre-

dicts the resist behavior with respect to the post-exposure bake conditions.

A final comparison was done for the same bake conditions but with a 0.3 pm line and
space pattern. This pattern size, corresponding to 0.5A/NA, has a much lower image contrast
than the 0.4 pm pattern. The results are shown in Figure 6.14. Both the simulation and the
experiment show a reduction in the steepness of the sidewall. However, the degradation is
more pronounced in the experiment. This could result from effects such as poorer image
quality than predicted from diffraction-limited optics or image variations throughout the
resist layer due to a high NA.

6.7 SUMMARY

A complete model based on the chemical and physical changes that occur during the pro-
cessing of Shipley SNR 248 acid hardening resist has been developed. Optical transmission,
IR absorbance, and dissolution rate measurements were used to characterize the individual

process steps.

For the exposure, Dill’s ABC medel was fit to the optical transmission data. However,
FTIR measurements combined with optical transmission measurements on a version of the
resist with three times the amount of acid generator demonstrated that the resist darkening
during exposure dose, and consequently, the ABC model, does not provide a good indicator
of acid generation. Fortunately, it is expected that the amount of photo-generated acid is pro-
portional to the local energy absorbed leading to an accurate prediction of the local acid con-

centration within a multiplicative factor when using this ABC model.

Peak-to-peak measurements of the IR absorption bands near 990 cm™ and 1070 cm!
were used to monitor the extent of crosslinking during the bake. A model consisting of a pri-

mary crosslinking reaction with an order of 1.42 in photo-generated acid and an acid loss
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reaction demonstrated a good fit to the experimental data over a range of bake temperatures
from 130°C to 150°C. The acid loss reaction was required to explain the dose-dependent sat-

uration of the crosslinking measurements.

A dissolution rate expression based upon molecular weight changes in the resin was
derived in terms of the number of crosslinking sites on the melamine and the extent of
crosslinking during the bake. This model provided a good fit to the experimental data for
post-exposure bakes of 130°C and 140°C. By combining the exposure, bake and develop-
ment models, resist profiles were simulated using SAMPLE-ARK. Good correlation was
observed with experimental results obtained from Intel for several post-exposure bake condi-

tions and pattern dimensions down to 0.3 um.
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Figure 6.1: Chemical structure of a) the poly (p-vinyl phenol) resin and b) the melamine
crosslinking agent in SNR 248 resist.
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Figure 6.2: Experimental and simulated transmission characteristics of SNR 248 resist.
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Figure 6.3: Change in IR absorbance at 1560 cm™! versus exposure dose for SNR 248
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Figure 6.4: Experimental transmission measurements of both the standard SNR 248 resist
and SNR 248 with three times the amount of acid generator.
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Figure 6.6: Part of the melamine crosslinking agent consisting of an unactivated and an
activated crosslinking site.
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Figure 6.7: Proposed reaction mechanism for the crosslinking reaction in SNR 248 resist
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Figure 6.8: FTIR difference spectra of SNR 248 resist for doses of 4 and 6 mJ/cm? with a
post-exposure bake of 150°C for 120 seconds.
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Figure 6.9: Comparison of FTIR measurements and the kinetic bake model for SNR 248
resist at bake temperatures of a) 130°C, b) 140°C, and c) 150°C.
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Figure 6.10: Reaction rate coefficients as a function of bake temperature including the
Arrhenius fit to the data with a pre-exponential and an activation energy.
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Figure 6.11: Dissolution rate measurements and the corresponding fit using the molecular
weight based dissolution model for SNR 248 resist with post-exposure bakes
of 130°C and 140°C for 60 seconds.
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Figure 6.12: Resist development profiles of SNR 248 resist from a 0.4 pm equal lines and
spaces pattern with NA = 0.42 and a post-exposure bake of 130°C for 60
seconds. Results are obtained from a) experiment using a dose of 30 mJ/cm
and b) simulation using a dose of 42 mJ/cm?.
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Figure 6.13: Resist development profiles of SNR 248 resist from a 0.4 pm equal lines and
spaces pattern with NA = 0.42 and a post-exposure bake of 140°C for 60
seconds. Results are obtained from a) experiment using a dose of 18 mJ/cm?®
and b) simulation using a dose of 25.2 mJ/cm?.
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Figure 6.14: Resist development profiles of SNR 248 resist from a 0.3 um equal lines and
spaces pattern with NA = 0.42 and a post-exposure bake of 140°C for 60
seconds. Results are obtained from a) experiment using a dose of 18 mJ/cm
and b) simulation using a dose of 25.2 mJ/cm?.
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CHAPTER 7

MODELING OF A T-BOC RESIST

The exposure and post-exposure bake of a chemical amplification resist that relies on the
acid catalyzed removal of a tert-butyloxycarbonyl (t-BOC) group are investigated. The
effects of the acid generator on the production of acid during exposure and the extent of
deprotection during the bake are examined using different weight percent mixtures of both a

2,6 dinitrobenzyl tosylate and a triarylsulfonium salt.

The generation of acid is monitored by measuring the resist transmission during exposure
as well as through FTIR spectroscopy. The experimental results are used to determine
absorption coefficients and acid generation rate coefficients for both acid generators. The
extent of deprotection that occurs during the bake is determined by monitoring the character-
istic FTIR absorbance band at 1760 cm™! over a range of exposure doses, bake temperatures,
and bake times. The extent of deprotection is related to the local acid concentration gener-
ated during exposure through chemical reaction kinetics. For the resist with the onium salt,
an acid loss reaction is required to account for saturation of the deprotection reaction with
increasing bake time. The resist with the onium salt is less sensitive to the bake conditions in
comparison to the resist with the tosylate. Improved resist performance is also obtained dur-
ing the bake when using higher loadings of both the tosylate and the onium salt acid genera-

tors.

7.1 INTRODUCTION

The recent introduction of resists with chemical amplification has lead to increased sensi-
tivity with good resolution in the deep-UV [1]-[3]. Chapter 6 described one such resist,
Shipley SNR 248, in which acid catalyzed crosslinking during the post-exposure bake leads

154



to a negative-tone resist image [3]. The improvement in performance from these chemical
amplification resists, however, has been accompanied by increased complexity in both the
resist chemistry and processing. With the added complexity, the relationship between pro-
cessing parameters and resist performance has become more difficult to ascertain. Detailed
modeling studies can lead to both an improved understanding of the physical and chemical
mechanisms that dominate the resist behavior and to models which can be used to simulate

resist development profiles under a variety of processing conditions.

Mechanistic modeling approaches for the negative-tone SNR 248 resist have demon-
strated great success [4] -[8] (see Chapter 6). However, a complimentary positive resist tech-
nology is needed for deep-UV lithography. One positive-acting resist based on the acid
catalyzed removal of a t-BOC protecting group during the post-exposure bake has shown
good promise as a high performance deep-UV resist [1][2]. However, the many factors that
need to be considered in optimization of this resist process, including the choice of acid gen-
erator type and concentration, leads to a difficult problem to address. By gaining an under-
standing of the mechanisms that affect the resist behavior, the resist design and optimization

process can be greatly simplified.
7.2 RESIST CHEMISTRY, PREPARATION, AND PROCESSING

The resist is composed of a poly(t-BOC-styrene sulfone) resin and an acid generator.
Upon heating in the presence of acid, the t-BOC protecting group is catalytically removed
from the resin leaving a poly(hydroxystyrene sulfone) matrix. The resin structx;re and the
deprotection reaction are shown in Figure 7.1 [1]. With the removal of the t-BOC group, the
resin becomes soluble in aqueous developer. The difference in solubility may be exploited to
pattern images in the resist through the selective introduction of a catalytic acid. Deep-UV
radiation produces an acid from the acid generator through a photolytic reaction. Both 2,6-
dinitrobenzyl tosylate and triphenylsufonium hexafluoroarsenate were used as acid genera-
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tors in this study. The structure and the proposed acid generation reactions for the tosylate

[9] and the onium salt [1] are shown in Figure 7.2.

In addition to the acid catalyzed deprotection reaction, the resin will also undergo chain
scission at the sulfone group upon exposure leading to a decrease in molecular weight [1].
This effect will ac;t in concert with the deprotection reaction to increase the resist solubility in
the exposed regions. However, since the sensitivity of the resin alone to deep-UV pattermning
has been shown to be greater than 1 J/em? [1], it is expected that the extent of deprotection
will be the dominant factor in determining the resist dissolution characteristics at lithograph-

ically useful exposure doses.

The resist was prepared by first dissolving the resin in cyclohexanone in a ratio of 1 gram
of resin to 8 milliliters of solvent. Different amounts of both acid generators were then dis-
solved in the solution to examine the effect of acid generator type and concentration on resist
performance. The mixtures that were investigated were 6 and 12 weight percent of tosylate,
and 2.5 and 5 weight percent of onium salt. The resist was then applied to the substrate with
spin speeds of 2500 to 5000 rpm for 30 seconds. The resist was spun onto quartz substrates
for the transmission experiments and double-polished silicon wafers for the FTIR measure-
ments. The spin was followed by a pre-exposure bake of 105°C for 2 minutes to remove
excess solvent. The exposures were done with an excimer laser at a wavelength of 248 nm.
Following the exposure, the resist was baked on a hot plate at temperatures ranging from

95°C to 115°C to drive the catalytic deprotection reaction.

7.3 MODELING THE EXPOSURE

Modeling of photoinduced acid generation in chemical amplification resists by fitting

Dill’s ABC parameters [10] to measurements of resist transmission during exposure has been
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previously demonstrated for the acid hardening resist, SNR 248, in Chapter 6. In this model,

the absorption coefficient, o, is described by:
a(z,t) = AM(z,t) +B [7.1]

where M is the normalized concentration of the acid generator, z is the depth into the resist,
and t is the exposure time. The photolytic conversion of the acid generator to acid is

described by:
a%M (z,8) = -I(z, D) M(z,1)C [7.2]

where I is the illumination intensity and C is the reaction rate coefficient. In this model,
1-M represents the normalized concentration of the photo-generated acid.T It is important to
note when using this medel, that if other reactions occur simultaneously with the acid gener-
ation reaction during exposure, the expression for o may be more complex than equation

[7.1].

Measurements of the transmission versus exposure dose were made by spinning the resist
onto a quartz substrate and then monitoring the transmission as the resist was exposed as
described in Chapter 5. Typical results are shown in Figure 7.3a for the 12% tosylate mixture
and in Figure 7.3b for the 2.5% onium salt mixture as well as the resin alone. The resin dem-
onstrates a strong darkening behavior independent of acid generation. This effect, which
must be accounted for in the exposure modeling, can be attributed in part to the chain scis-
sion reaction of the resin. The following sections describe the determination of o and C of

equations [7.1] and [7.2] for the resist with both the tosylate and the onium salt acid genera-

tors.

t. This assumes that all of the acid generator can be converted to acid.
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7.3.1 Tosylate Exposure Model

While the transmission of the 12% tosylate mixture in Figure 7.3a was measured over a
range of 2500 mJ/cm?, the lithographically useful range for this resist is below 100 mJ/cm?
[11]. Over this smaller range, the change in the transmission, and thus the change in the
absorption coefficient, is quite small. Therefore, the exposure model for the tosylate acid
generator can be simplified by considering the absorption coefficient as essentially constant
(A =0). This result contrasts with standard positive resists where significant bleaching of the
resist can occur during typical exposure doses (A > B). To determine the value of o, the
SAMPLE program was modified to perform a rigorous simulation of the resist/quartz sub-
strate stack transmission as described in Chapter 5. Values of o = 0.63 um ! and a =
1.06 um'l resulted in the best fit to the experimental transmission near the beginning of

exposure for the 6% and 12% tosylate mixtures, respectively.
The measured absorption coefficient consists of two components given by:
a=o0_+0, [7.3]

where o is the component of the absorption coefficient due to the acid generator and o is
the component due to the resin. From the resin transmission curve in Figure 7.3b, the absorp-
tion coefficient of the resin in the range of ~100 mJ/cm? is &, = 0.1 pm'l. Consequently, the
ratio of the o 's for the two weight percent mixtures is calculated to be 1.8, slightly lower
than the expected value of 2, the ratio of the acid generator concentrations. This discrepancy
may result from experimental error or other effects such as a reduction in resist density from

the introduction of the acid generator within the resist.

The last step in modeling the exposure was to determine the rate coefficient for acid gen-
eration, C. The resist transmission curve in Figure 7.3a has three distinct regions: 0 to
100 mJ/cm? where the resist initially darkens, 100 to 600 mJ/cm? where the resist bleaches,
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and the region beyond 600 mJ/cm? where the resist again darkens with increasing exposure.
The final region beyond 600 mJ/cm? can be artributed to the darkening reaction in the resin
seen in Figure 7.3b. However, it is impossible to determine directly from the transmission

data the region that corresponds to the acid generation reaction.

For this reason, FTIR spectroscopy was used to monitor the acid generation in the resists
with the tosylate acid generator. The spectra were obtained in transmission mode using a sil-
icon substrate polished on both sides as described in Chapter 5. To examine the changes that
occurred during exposure, the initial spectrum of the resist before exposure was subtracted
from the spectra obtained after exposure. Figure 7.4 shows typical results for the 6% tosylate
mixture with exposure doses of 50 and 500 mJ/cm?. The decrease in absorbance near
1540 cm ™! corresponds to the loss of the nitro group of the tosylate during conversion to
acid (see Figure 7.2a). By dividing the peak size for each dose by the largest peak size
obtained at high exposures, the normalized concentration of acid as a function of exposure

dose was determined.

The FTIR results were simulated in SAMPLE by averaging the local concentration of
acid calculated using the previously determined values of o over the resist thickness for a
range of rate coefficient values. Figure 7.5 shows the FTIR results as well as the SAMPLE
simulation for the resist with the 6% tosylate. The best fit to the FTIR data occurred with C
= 0.0045 cm?/mJ for both the 6% and 12% tosylate mixtures. As expected, the rate coeffi-

cient was essentially independent of acid generator concentration.

Since the acid generation reaction in Figure 7.5 reaches completion near 1000 mJ/cm?,
the bleaching of the resist, which dominates the middle region of the transmission curve, has

been attributed to the generation of acid. As mentioned previously, the resist darkening,
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observed at high doses, results the darkening reaction in the resin itself. At this point, the

cause of the initial decrease in transmission has yet to be determined.
7.3.2 Onium Salt Exposure Model

Similar methods were used to determine the exposure model parameters for the resist
sensitized with the onium salt. As shown in Figure 7.3b, the change in the transmission of
the resist with the 2.5% onium salt mixture was also quite small over the lithographically
useful range of exposure of less than 50 mJ/cm? [11]. As a result, constant values of o =
0.41 um'l and o = 0.55 pm-! were obtained for the initial stages of exposure for the 2.5%
and 5% onium salt mixtures, respectively. By using a resin absorption coefficient of o, =
0.1 um'l as before, the ratio of the o's is found to be 1.45, again less than the expected

ratio of 2.

Since FTIR spectroscopy yielded no measurable peaks with which to monitor acid gener-
ation as with the tosylate acid generator, the rate coefficient C was determined solely from
transmission data. The difficulty of this approach is apparent from Figure 7.3b where the
darkening reaction in the resin dominates the transmission curve for the 2.5% onium salt
mixture. By assuming that the quantum yield of the acid generator does not depend on the
resin, however, the value of C can be determined by measuring the transmission versus expo-
sure dose of the acid generator in a resin matrix where the resin alone has only a weak dark-
ening reaction. For this purpose, a 2:1 t-BOC styrene:styrene copolymer was used. Figure
7.6 shows the transmission of the resin alone and a S weight percent onium salt mixture.
With this resin, changes in resist transmission independent of the resin darkening can be
observed for the 5% onium salt mixture. This change in transmission can be attributed to the
acid generation and thus provides a good measure of the rate coefficient, C. To determine C,
Dill's ABC parameters were first fit to the transmission data for the resin alone. With the
assumption that the darkening reaction in the resin occurs simultaneously with, but indepen-

160



dent of, the acid generation reaction, the ABC values for the resin were held constant and a
second set of ABC values were fit to the transmission data for the 5% onium salt mixture. An
excellent fit was obtained as shown in Figure 7.6 using A = -0.24 pum?, B =0.77 pum?! C =
0.0011 cm?/mJ for the acid generation reaction. With the above assumptions, the rate coeffi-
cient C = 0.0011 cm?/mJ also applies to the 2.5% and 5% onium salt mixtures in the poly(t-

BOC-styrene sulfone) resin.

The complete set of parameters for modeling the exposure of the resist with both the

tosylate and onium salt acid generators are summarized in Table 7.1.

Acid Generator o(um?) C(cm?/mJ)
6% tosylate 0.63 0.0045
12% tosylate 1.06 0.0045
2.5% onium salt 0.41 0.0011
5% onium salt 0.55 0.0011

Table 7.1: Exposure model parameters.

7.4 MODELING THE BAKE

The models determined for the resist exposure can be used to calculate the local concen-
tration of acid at any depth within the resist as a function of exposure dose, resist thickness,
and substrate reflectivity. To model the post-exposure bake, the catalytic acid concentration
must be related to the local amount of deprotection, the dominant factor in determining the

resist dissolution rate. The models are defined in terms of the differential equations which
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describe the chemical reactions that occur during the bake. These kinetic models are easily
incorporated into the SAMPLE-ARK program described in Chapter 3 to simulate the depro-

tection reaction.

Experimental measurements of the deprotection reaction were made with FTIR spectros-
copy. The spectra of Figure 7.7 obtained before and after the bake are typical. The peak at
1760 cm’!, which decreases during the bake, corresponds to the carbonyl bond of the t-BOC
protecting group that is removed during the deprotection reaction (see Figure 7.1). The
extent of deprotection is quantified by fitting a baseline to the spectra in the region of
1760 cm™! and integrating the area under this peak using the FTIR software package
described in Chapter 5. The peaks near 1150 cm™ and 1280 cm™! are also indicative of the
deprotection reaction. However, the peak at 1760 cm™! is expected to yield more accurate
results because it is isolated from other absorbing bonds. It is important to note that the
results obtained with FTIR are bulk measurements that are averaged over the entire thickness
of the resist. Therefore, in order to compare the bake models with experimental results, the

simulations in SAMPLE-ARK must also be averaged over the resist thickness.

A matrix of experiments was done to investigate the effects of acid generator type and
concentration, bake temperature and time, and exposure dose (acid concentration) on the
deprotection reaction. Typical results from the FTIR measurements for bake temperatures of
95, 105, and 115°C are shown for the 12% tosylate mixture in Figures 7.8a, 7.8b, and 7.8c
and for the 2.5% onium salt mixture in Figures 7.9a, 7.9b, and 7.9¢c. It is evident from the
differences between these two results that the kinetics of the deprotection react:{on depend

strongly upon the acid generator type. The modeling of these two distinct types of reactions

is discussed in detail in the following sections.
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7.4.1 Tosylate Bake Model

From the results shown in Figure 7.8, the deprotection reaction appears to proceed
towards complete deprotection at a rate that increases as the exposure dose, and thus the acid
concentration, is increased. Further FTIR measurements confirmed that almost complete
deprotection was obtained after a 20 minute bake for all exposure doses. This type of behav-
ior is consistent with a simple catalytic reaction in which the acid is regenerated after each
deprotection reaction. From chemical reaction kinetics, a simple model for such a reaction

would be:
a :l'l - - :l'l ‘,

914] =
$14] =0 [7.5]

where [T] is the normalized concentration of t-BOC groups (1-[T] is the normalized amount
of deprotection), [A] is the normalized concentration of acid, and k; _is the reaction rate coef-
ficient. Equation 7.4 describes the removal of the t-BOC protecting group while equation 7.5
describes the acid loss, assumed in this case to be zero. Simulated results from the modified
version of SAMPLE-ARK with k; = 0.08 sec™! are compared with the experimental results in
Figure 7.10. It is evident from the fit that this simple model is unable to replicate the spacing

between the curves for the different doses.

The curves for the different doses represent different concentrations of acid within the
resist at the start of the bake. Therefore, the spacing between the curves can be increased by

raising the acid concentration term in equation [7.5] to a power greater than one. This modi-
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fication to the simple catalytic model was required to describe the crosslinking reaction in

SNR 248 resist in Chapter 6 as well. The resulting model is described by:
2(T] = -k [T] [A]" [7.6]

9[A] =0 [7.7]

If it is assumed that the resist dissolution rate is primarily determined by the extent of depro-
tection, then a higher value of the acid exponent, m, will lead to increased resist contrast.
Figure 11 compares the simulated results using values of m = 1.8 and k) = 0.6 sec”! with the

experimental data.

While the spacing between the curves for the model is generally consistent with the spac-
ing for the experimental data, there is a flattening or bowing of the experimental data during
the initial stages of the bake that does not coincide with the shape of the model curves.
Examination of the experimental results in Figure 7.8 revgals that this bowing effect
increases at higher bake temperatures. One mechanism that may account for this involves an
initial reaction between the acid and the t-BOC group to form an intermediate species. In a
second reaction, the protecting group is removed and the acid is regenerated. Depending on
the relative sizes of the rate coefficients for these two reactions, this mechanism can result in
a slow rate of deprotection during the initial stages of the bake as the concentration of the
intermediate begins to build. If the two reactions have different activation energies, then the
amount of flattening in the curves will depend on the bake temperature. At this point, this

speculative mechanism has not been included in the deprotection model.

The model of equations [7.6] and [7.7] was also applied to the 6% tosylate mixture. A
good fit for the 105°C bake, shown in Figure 7.12, was obtained with m = 1.3 and k; =

0.125 sec™}. The value of the acid exponent, m, for the 6% tosylate mixture is significantly
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smaller than that for the 12% tosylate mixture. Although the chemical cause is not readily
apparent, this effect suggests that higher contrast can be obtained when a higher loading of
the tosylate acid generator is used. This result has in fact been observed experimentally [11].
However, the increase in contrast cannot be attributed unambiguously to the observed
increase in m since the increased loading of the acid generator itself may affect the resist dis-

solution characteristics.

A summary of the rate coefficients and values of m obtained as a function of bake tem-

perature and acid generator concentration is given in Table 7.2.

Tosylate Conc. Bake Temp(°C) k; (sec'l) m
95 0.031 1.2
6 wt % 105 0.125 13
115 0.45 14
95 0.20 1.8
12 wt % 105 0.60 1.8
115 2.05 1.8

Table 7.2: Bake model parameters for the tosylate acid generator.

7.4.2 Onium Salt Bake Model

While the deprotection reaction with the tosylate acid generator proceeded towards com-
plete deprotection, the saturation of the experimental curves of Figure 7.9 over the range of

measured bake times indicates that the deprotection reaction was quenched before complete
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deprotection was attained with the onium salt acid generator. It is postulated, therefore, that
the acid that catalyzed the reaction was rendered inactive during the bake just as was the case
for SNR 248 resist in Chapter 6. The mechanism for this acid loss is not yet known, but it
likely results from reactions with other contaminants within the resist which neutralize the
acid. A first order reaction was assumed for this acid loss. Combining the acid loss reaction

with the deprotection reaction from the tosylate model results in a model given by:
SIT] = -k [T] [A]" [7.8]

d14] = —
$1A] = Ky [A] [7.9]

where k; is the rate coefficient for the acid loss reaction.

Figure 7.13 compares the model to the experimental results from two independent mea-
surements for the 2.5% onium salt mixture with a bake temperature of 105°C. A good fit is
obtained with m = 1.2, k; = 16.7 sec’l, and k, = 0.035 sec’l. The fit obtained using m = 1.6,
k; =580.9 sec’l, and ky =0.029 sec’! for the 5% onium salt mixture at a bal;e temperature of
105°C is shown in Figure 14. Once again, the acid exponent, m, increased as the loading of
the acid generator was increased. The deprotection model parameters for the onium salt acid

generator are summarized in Table 7.3.
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Onium Salt Conc. | Bake Temp(°C) | ky(sec!) | ky(sec) | m
95 19.7 0.026 1.3
25wt % 105 16.7 0.035 1.2
115 31.7 0.033 13
95 130.9 0.032 1.4
Swt% 105 580.9 0029 | 1.6
115 700.0 0.026 1.7

Table 7.3: Bake model parameters for the onium salt acid generator.

7.5 COMPARISON OF ACID GENERATOR PERFORMANCE

The plots of deprotection versus bake time of Figures 7.8 and 7.9 are beneficial for com-
paring the performance of the two acid generators. While these plots do not include any

information concerning the resist dissolution, some useful results can still be inferred.

Sensitivity, a good quantitative measure of throughput, is an important parameter for
chemical amplification resists. For the bake times shown in Figures 7.8 and 7.9 the resist
with the onium salt demonstrates a higher sensitivity since the same amount of deprotection
occurs at a lower exposure dose. However, the deprotection reaction saturates in the resist
with the onium salt. Since the deprotection reaction proceeds towards completion in the
tosylate sensitized resist, higher values of sensitivity are expected for the resist with the tosy-

late at increased bake times. In theory, the achievable sensitivity in this resist should only be

limited by lateral diffusion of the acid at extreme bake times.
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The process latitude of the resist with respect to the bake conditions also plays an impor-
tant role in rating the resist performance. In this case, as a result of the acid loss reaction, the
resist with the onium salt is superior in all respects. The amount of deprotection in the resist
with the onium salt remains essentially constant regardless of the bake temperature for a
given exposure dose (see Figures 7.9a, b, and ¢). This result can be compared with the tosy-
late sensitized resist where the exposure dose changes significantly to achieve a similar
amount of deprotection at different bake temperatures (see Figures 7.8a, b, and c). Appar-
ently, the acid loss reaction in the resist with the onium salt tracks the temperature behavior
of the deprotection reaction with a similar activation energy. The acid loss reaction also
reduces the sensitivity to the bake time for the resist with the onium salt by saturating the
deprotection reaction at a dose-dependent level. In the resist with the tosylate acid generator,

the amount of deprotection continuously changes as the bake time increases.

7.6 SUMMARY

The exposure and post-exposure bake of a resist composed of a poly(t-BOC-styrene sul-
fone) resin with both a tosylate and an onium salt as photo-acid generators have been investi-
gated. Optical transmission and FTIR absorbance measurements have been used to monitor
the extent of acid production during the exposure and the amount of deprotection during the
bake. As observed from the experimental results, the resist behavior was strongly dependent
on both acid generator type and concentration. The experimental measurements were used to
develop models based upon chemical reaction kinetics for both the exposure and post-expo-

sure bake steps.

Dill's exposure model was applied to the generation of acid during exposure. The medel
consisted of an absorption coefficient, o, and an acid generation rate coefficient, C. For both
acid generators, the change in resist transmission was small over lithographically useful
exposure doses such that the absorption coefficient was modeled as a constant (A = 0). Resin
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darkening observed at large exposures of the resin alone was accounted for in the modeling
of both acid generators. Because of the complex transmission behavior of the resist with the
tosylate, the decrease in the nitro-group absorbance at 1540 cm’! in the FTIR spectrum was
used to determine the acid generation rate coefficient. To determine the rate coefficient for
acid generation with the onium salt, a t-BOC styrene:styrene copolymer resin was used to

reduce the dominance of resin darkening on the resist transmission.

The carbonyl absorption band at 1760 cm’! in the FTIR spectrum was used to monitor
the deprotection reaction over a range of exposure doses, bake temperatures, and bake times.
From the measurements, the deprotection proceeded to completion with the tosylate acid
generator, but saturated at a dose-dependent level with the onium salt acid generator. In addi-
tion, the amount of deprotection depended only weakly on both bake temperature and bake
time for the resist with the onium salt when compared with the tosylate. Chemical reaction
kinetics were used to relate the local concentration of acid generated during the exposure to
the amount of deprotection that occurred during the bake. The tosylate sensitized resist was
modeled with a single deprotection reaction where the rate of deprotection was proportional
to the acid concentration to the m™ power. The value of m for all mixtures was always
greater than one. Modeling of the resist with onium salt required an additional acid loss reac-
tion to account for the dose-dependent saturation of experimental data. It was observed that
the performance of the resist during the bake, as determined by the acid exponent m,

improved as the acid generator loading was increased.
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Figure 7.1: Resin structure and deprotection reaction for poly(t-BOC-styrene sulfone).
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Figure 7.2: Acid generation reaction for a) the tosylate and b) the onium salt acid
generators.
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Figure 7.3: Transmission versus exposure dose for a) the 12% tosylate mixture, b) the
2.5% onium salt mixture and the resin alone.
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Figure 7.4: FTIR dxfference spectra for the 6% tosylate mixture after exposure doses of 50
mJ/cm? and 500 mJ/cm?.
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Flgure 7.5: Normalized acid concentranon versus exposure dose as determmed from the
FTIR peak near 1540 cm™! and from simulation with C = 0.0045 cm m?/mJ.
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Figure 7.6: Transmission versus exposure dose for a 2:1 t-BOC styrene:styrene copolymer
alone and with 5 weight percent onium salt.
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Figure 7.8: Normalized amount of deprotection versus bake time for the 12% tosylate
mixture for bake temperatures of a) 95°C, b) 105°C, and c¢) 115°C.
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Figure 7.9: Normalized amount of deprotection versus bake time for the 2.5% onium salt
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Figure 7.10: Comparison between FTIR results and a simple catalytic model for the 12%
tosylate mixture at a bake temperature of 105°C.
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Figure 7.11: Comparison between FTIR results and the tosylate kinetic model using m = 1.8
for the 12% tosylate mixture at a bake temperature of 105°C.
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Figure 7.12: Comparison between FTIR results and the tosylate kinetic model using m = 1.3
for the 6% tosylate mixture at a bake temperature of 105°C.
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Figure 7.13: Comparison between FTIR results and the onium salt kinetic model using m =
1.2 for the 2.5% onium salt mixture at a bake temperature of 105°C.
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Figure 7.14: Comparison between FTIR results and the onium salt kinetic model using m =
1.6 for the 5% onium salt mixture at a bake temperature of 105°C.
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CHAPTER 8

CONCLUSIONS, COMMENTS, AND PERSPECTIVE

8.1 CONCLUSIONS

A comprehensive methodology has been developed for the characterization, modeling,
and simulation of advanced resist technologies for optical lithography. This methodology
relies upon a mechanistic approach in which the resist is described in terms of the basic
chemical and physical changes that occur within the resist during processing. Key aspects of
this methodology are the development of a new lithographic simulator based on reaction
kinetics as well as the refinement of materials characterization techniques for quantitatively
measuring and modeling these reactions. The application of this methodology to two state-
of-the-art resist materials with chemical amplification has been successful in establishing
predictive models for the accurate simulation of these resists under a variety of processing
conditions as well as a more fundamental understanding of the basic mechanisms which

determine their behavior.

The foundation of this methodology is a new lithography simulation program, SAM-
PLE-ARK. This program, an extension of SAMPLE, simulates the chemical and physical
changes the resist undergoes during processing. The new addition to this program, a post-
exposure bake simulation routine, tracks the concentration of up to ten chemical species in
the resist as the bake progresses. The local concentrations of these species change during the
bake as a result of a system of user-defined chemical reactions and diffusion coefficients
which describe the particular resist process under simulation. Various input options provide
for such possibilities as multiple chemical reactions, concentration-dependent diffusion coef-

ficients, and diffusion into the resist from-an outside source. The program calculates the
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local species concentrations during the bake using a variable step Runge-Kutta numerical
algorithm. At the conclusion of the bake, the user may specify an unlimited variety of dis-
solution rate functions using a basic set of operators to generate an algebraic expression in

terms of any of the species concentrations within the resist.

A set of characterization techniques has been explored and refined for developing mech-
anistic models for use in SAMPLE-ARK. Experimental methods such as optical transmis-
sion, FTIR spectroscopy, and interferometry have demonstrated success in monitoring the
chemical and physical changes occurring within the resist during processing. Several new
software packages have been written for automating the conversion of experimental data to
kinetic models. One program designed for the quantitative analysis of FTIR data locates
absorption bands within the spectrum and then evaluates the peak size through various meth-
ods including baseline fitting, area integration, maximum peak height determination, and
peak-to-peak calculations. Other programs fit kinetic models to experimental exposure and

bake data using nonlinear least squares fitting routines.

The power and flexibility of this new program were demonstrated by examining some
fundamental issues associated with three complex resist technologies of importance today:
image reversal, chemical amplification, and silylation. For example, in simulating the image
reversal process, modifications to the post-exposure bake input description demonstrated that
the incomplete conversion of ICA to indene during the bake can lead to a loss in sensitivity
but has no significant effect on the resist contrast. For chemical amplification resists, the
relationship between the exposure dose and the bake time in driving the catalytic reaction
were explored. Finally, the silicon uptake was simulated for both a diffusion-controlled as
well as a site-controlled silylation process. In the future, the development of more quantita-
tive models describing the oxygen plasma etch will provide the opportunity to compare the

performance of these fundamentally different silylation processes.
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These characterization and modeling techniques as well as the simulation capabilities of
SAMPLE-ARK have been used in the modeling of two state-of-the-art deep-UV resists that
employ chemical amplification for high sensitivity. In Shipley SNR 248, an acid hardening
resist, an acid catalyzed crosslinking reaction during the bake produces a negative-tone resist
process. For this resist, a complete model describing the exposure, post-exposure bake, and
development steps was derived in terms of the fundamental changes that occurred during
each individual process step. FTIR spectroscopy was used for the direct observation of the
crosslinking reaction. A dissolution rate expression was derived based upon molecular
weight changes during the post-exposure bake. Overall, results of this study indicated that
acid loss during the bake as well as the chemical structure of the crosslinking agent both play
an important role in determining the resist performance. The inclusion of the exposure, bake,
and development models in SAMPLE-ARK lead to the accurate simulation of resist develop-
ment profiles which compared favorably with experimental SEM’s over a variety of bake

conditions and mask patterns.

In a second chemical amplification resist from AT&T, photo-generated acid catalyzes the
removal of a t-BOC protecting group from the resin during the bake. FTIR spectroscopy was
once again used to monitor the deprotection reaction. A complete study involving the mix-
ture of various resist compositions demonstrated that both the type of acid generator as well
as the concentration have significant effects on the resist behavior. For the resist with the
onium salt, the deprotection rez;cﬁon saturated at a dose-dependent level indicating the pres-
ence of an acid loss mechanism. However, in the resist with the tosylate, the deprotection
reaction proceeded to completion for all exposure doses. In addition, increasing the loading

of both acid generators resulted in improved resist contrast during the bake.
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8.2 COMMENTS FOR FUTURE WORK

With the completion of this comprehensive methodology and its successful application to
several important resist materials, it is appropriate at this time to add comments and ideas for
further improvement. For the general simulator, SAMPLE-ARK, these improvements con-
cemn the reduction of CPU time through improved algorithms and simplifying assumptions,
further generalization to current models, and the implementation of additional physical phe-
nomena. To improve upon the characterization and modeling aspects of this methodology,‘

further automation and additional characterization techniques are needed.

The following suggestions for improvements to SAMPLE-ARK could result in consider-

able savings in CPU time. These suggestions are:

1. The implementation of one-dimensional diffusion in the vertical direction

when the diffusion length is significantly smaller than lateral feature

sizes.

2. Modification to the data structure for storing concentration-dependent dif-
fusion coefficients to reduce the computation time associated with con-

verting a string describing the diffusion coefficient to a number.

3. Replacement of the current routine for solving the system of differential

equations with a more sophisticated algorithm having increased speed.

The following improvements would increase the generality of SAMPLE-ARK to encom-

pass a larger class of resist mechanisms and processes. These suggestions are:

1. The inclusion of additional boundary conditions when solving the diffu-

sion equation to allow for cases such as out-diffusion during the bake
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2. The implementation of additional mechanisms such as thickness varia-

tions during the bake.

3. The implementation of stress effects such as those occurring during silyla-

tion.

During the application of this methodology to the deep-UV chemical amplification
resists, several practical issues arose concerning the characterization and modeling tech-
niques which should be addressed in the future. First of all, the time required to complete
these models was excessively long. This development time must be shortened in order for
this mechanistic approach to achieve widespread use as a valuable aid in the evaluation and
optimization of complex resist processes. Of course, repeated application will lead to a more
streamlined process with refined techniques, shortcuts, and an avoidance of the initial mis-
takes that occurred in the initial applications. However, in' order to speed up the modeling
process further, alternative in-situ characterization techniques for monitoring chemical
changes during the bake should be sought whenever possible for increasing the data acquisi-
tion rate. The benefits derived from real time data acquisition were clearly visible in Chapter
5 when interferometric measurements were used to indirectly monitor the deprotection reac-
tion in the t-BOC resist. Following the data collection, additional software is a necessity for
automating the extraction of mechanistic models from the raw experimental data. New soft-
ware for the kinetic modeling of exposure and bake data could be incorporated into existing
programs such as PARMEX which extracts development model parameters from dissolu-

tion rate data.

In several instances, the proposed set of characterization techniques were unable to mon-
itor the chemical or physical changes of interest. For example, in the SNR 248 resist, neither

optical transmission or FTIR spectroscopy measurements could accurately account for the
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generation of acid during exposure. In addition, these bulk measurement techniques were
unable to evaluate the diffusion coefficient of the acid during the bake. Consequently, the
current set of measurement techniques must be expanded to include a wider variety of char-
acterization methods. Perhaps alternative techniques which are not consistent with standard
processing procedures such as titration, gel permeation chromatography, nuclear magnetic
resonance, and Rutherford backscattering spectroscopy to name a few should be considered
in the future. However, the time required to implement new characterization methods must
be balanced with the level of accuracy required in the model. Often, an approximating
assumption can provide a desired level of accuracy without resorting to more sophisticated
measurement techniques. For example, it was assumed that the diffusion length for the acid
in the SNR 248 resist was sufficiently long to blur out the vertical standing wave pattern

without affecting to the lateral resolution capabilities of the resist.
8.3 AFINAL PERSPECTIVE

The goal of achieving a comprehensive methodology for the characterization, modeling,
and simulation of advanced resist processes has been attained. The simulation program,
SAMPLE-ARK, provides a major advancement in simulation capability in that it is now pos-
sible to address the resist behavior in terms of chemical and physical mechanisms during pro-
cessing for complex technologies such as image reversal, chemical amplification, and
silylation. Materials characterization techniques have been refined to monitor the behavior
of spin-coated resists during the exposure, post-exposure bake, and development processes.
In addition, new modeling software has begun to automate the generation of mechanistic
models from experimental data. These combined capabilities should be of interest during
many stages of lithographic materials development such as research on mechanisms, tuning
resist components, optimization of process conditions, diagnosing production problems, and

even hypothetical materials studies. It is hoped that the SAMPLE-ARK program as well as
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the refined characterization techniques will find wide spread applications throughout the IC
indusﬁ'y.
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Appendix

SAMPLE-ARK Program Commands
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This section describes the complete set of commands for use with the SAMPLE-ARK
bake routine. While these commands represent the current status of SAMPLE-ARK, changes
to these commands including further additions will most likely occur before the final release
of the code.

The command format is similar to the standard SAMPLE command structure, but con-
tains some important differences. In the descriptions below, the keywords are emphasized
with bold-faced type. Additional words or entries that must be included in the command are
written in standard font. User-specified parameters are italicized. SAMPLE-ARK contains
a unique feature in that the chemical species within the resist are identified through different
names assigned by the user. These names are represented by the species entries in the com-
mands that follow.

startbake [matrix]

The startbake statement initiates the post-exposure bake routine. The optional
matrix parameter specifies the SAMPLE exposure matrix that gets sent to the post-
exposure bake routine. When matrix is equal to 0, the RMZDOS matrix which con-
tains M, or the PAC concentration, as a function of depth and exposure dose is sent.
this option is used for increased speed when no diffusion occurs during the bake. The
program defaults to this option. When matrix is equal to 1, the RMXZ matrix which
contains M as a function of position within the resist is sent. This option must be
used in conjunction with any diffusion within the resist.

endbake

The endbake statement completes the simulation of the post-exposure bake and
returns control to the standard SAMPLE routines.

temperature temp

The temperature statement specifies the bake temperature for the post-exposure
bake. The temp parameter gives the bake temperature in degrees Celsius.

time time

The time statement specifies the length of time for the post-exposure bake. The time
parameter gives the bake time in seconds.
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reaction k =k [ea=ea] in =species#l [,species#2, ...] out = species#i [,species#j ,...]

The reaction statement specifies a chemical reaction during the post-exposure bake.
Any number of reactions can be specified in the post-exposure bake description.
When an activation energy is not specified with “ea”, the rate coefficient is given by
k. When an activation energy is specified, the rate coefficient has an Arrhenius
behavior with k as the pre-exponential term and ea as the activation energy in eV.
The reactants are specified following “in” and the products are specified following

(43 »
.

out
initialize species [expose]/[expose_inv] conc

The initialize statement initializes the concentration of species at each point in the
resist. When “expose” or “expose_inv” are not present, the concentration is uni-
formly initialized to conc. When the “expose” command is given, the concentration
is initialized to the M matrix obtained from the SAMPLE exposure routine and is
scaled by conc. The “expose_inv” command initializes the concentration to 1-M.

define species expression

The define statement specifies the concentration of species at each point in the resist
through an algebraic expression constructed from the algebraic operators summa-
rized in the table below, other species concentrations, and mathematical constants
(see Chapters 3 and 4 for examples).

return species

The return statement returns the concentration matrix of species to the standard
SAMPLE development routine.

diffuse species expression

The diffuse statement specifies the diffusion coefficient of species. The diffusion
coefficient is given by expression which is constructed using the same method as
described for the define statement. This expression can be given as a single constant
for simple diffusion or as an expression in terms of any species concentrations for
concentration-dependent diffusion.
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diffsource species conc

The diffsource command alters the boundary conditions at the resist surface such
that species is diffused into the resist from an outside source. The conc parameter
specifies the solid solubility concentration at the resist surface.

Table of operators for constructing algebraic expressions

Operator | Description

+ Addition
- Subtraction
* Multiplication
/ Division
A Raise to power
0 Parentheses

exp() e*

log() Log (base 10)

In() Natural Log
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