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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 advancedtechnologies and complex resist materials for optical

lithography. The foundation of this methodologyis the new lithographysimulation program,

SAMPLE-ARK, which simulatesreaction kinetics anddiffusion, andtheir 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 hasresulted 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 orderto develop mechanisticresistmodels for simulation in SAMPLE-ARK,material

characterization techniques have been evaluated and refined for monitoring theresist 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 theconversion of experimental data to mech

anistic models. These programs range from quantitative FTIR analysis tools to parameter

extraction routines for fitting kineticmodels to exposure andbake 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

crosslinkLng reaction with FTIR spectroscopy leadto the development ofa 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 behaviordepended stronglyupon 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 maskpat

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 the 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 SAMPLE [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 intotwo 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

wafer 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, othercomplex and diverse issues in image simulation such as

defocus and partial coherence [5]-[7], aberrations [8][9], two dimension mask structures [91-

[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. Calculationof this resist structure typically requires simulation of two pro

cess steps: the exposure and the development* 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 thatoccurduring the exposure, and the corresponding dissolution rates during devel

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

t- Thedevelopment maybeastandard wetdevelopment process oradry development process such astheoxygen
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 lithographynow demonstrate the ability to produce linewidths down to 0.5 um 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. Forexample,

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 forexample),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 resinmaterials have recentlydemonstrated high res

olution inthe range of0.25 to0.5 urn with exposure doses below 50 mJ/cm2 inthe deep-UV

[33]-[35]. In chemical amplification, acid generated uponexposure catalyzes areaction dur

ing the subsequent post-exposurebake. The extent of this acidcatalyzedreaction determines

the dissolution rate during development. Both positive andnegative 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 u.m for deep-UV exposures. The silylation process selectivelyintroduces siliconcon

taining compounds into the resist following exposure. This is followed by an oxygen plasma

etch which creates a silicondioxide barrier protecting the underlying resistin the siliconcon

taining regions. Resists ranging fromdiazo-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.

13 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, chemical 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

modeling and simulation from its initial beginnings to its current state. This evolutionary

process has 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 sizesdownto 0.5 \im. Most of the effort in resistmodeling and

simulation to date has concentrated on this positive resisttechnology.

14



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

ofthe resist can be as high as a factor ofabout of10*.

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 iUumination intensity and the PAC concentration within the resist [1]. In this model,

the intensity distribution for an opticallymatchedsubstrate is given by:

dl (z, t)-^-L =-/(z, 0 [AM (z, 0 +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:

dM£f) =-/ (z, 0M(z, t) C [2.2]

The A, B, and C parametersof equations [2.1] and [2.2] depend on the particularresist 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, a. The

resist, in the Dill model, has an absorption coefficient that depends linearly on the PAC

concentration such that a = 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 a = B. Forthe positive values of A obtained for diazo-typeresists, the

absorption coefficient decreases with increasing exposure causing the resist to bleach. For

this reason, A andB are typicallyreferred to as the bleachable and nonbleachable parts of the

absorption coefficient. The photolytic conversionof the PACto ICA producesthis 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,

typicallyreferred 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 cm2/mJ for diazo-

type resists resulting in sensitivities less than 100 mj/cm2.

f. These parameters alsodependon the pre-exposure baketreatment.
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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:

T(t) = exp -J{AM(z,r) +B}dz [2.3]

L 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 um"1, B =0.031 urn"1, C=0.0125 cm2/mj and a film thickness of1urn. 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-Diamandused 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].

2.13 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 [5]. 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 ofdissolution 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 and not

well understood. 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 (El +E2M +E3M2) [2.4]

where M is the normalized concentration of PAC and E^ E2, and E3 are the model fitting

parameters.

f. For somenegative resists, thedissolution rate is controlled by therate of gel formation asthesolvent penetrates the
resist.
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Kim et al. also suggesteda 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 adepth-dependent expression with six fitting parameters to account for this surface

inhibition phenomenon. In this model, the dissolutionrate in the bulk of the resist is given

by:

R(M) =
i-(*.r«»(1-")) |M.g^(1-Af)

Rx R2

-.-l

[2.5]

where R is the dissolution rate in the bulk and R1? R2, and R3 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- [l-(fl5- (R5-R6)M)]exp(-z/R4)} [2.6]

where z is the depth into the resist, R4 is the characteristic depth of the surface inhibition

effect, and R5 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»R4) and at the surface of the resist (z = 0) using equation

[2.6]. The best fit to the data occurred with Rx = 0.1143 um/sec, R2 =0.001683 Jim/sec, R3

= 4.667, R4 = 0.10 um, R5 =0.45, andR$=0.30.
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Altemative 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 dissolutionrate to PAC concentration [12]-

[15], the application of percolation theory to dissolution simulation [16][17], the examination

of developereffectson the dissolution[18][19], andthe studyof the exposureand dissolution

mechanisms for polyfunction^ 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

accuratelydescribes observed dissolution phenomena for use with simulationprograms.

Z2 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

Li 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 et 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-wiseexposures.

2.2.2 Models for Chemical Amplification

Chemical amplification resists use an acid catalyzed reaction during the post-exposure

baketo achieve highsensitivities. Various resistchemistries haveproducedbothpositiveand

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

Several kinetic studies have been performed on one suchresistfor thedeep-UV, Shipley

SNR 248 acid hardening resist [35]. Using measurements of characteristic curves and resist

sensitivity for an early version of SNR 248, Seligson et 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 etal. 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 designedexclusivelyfor 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 surfaceto obtaina 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 to model the siliconuptake and then combined this result

with etch rate experiments to simulate the final resist images obtained using the DESIRE

process[42]. Bauch etal. also developed a quantitative modelfor the simulationof 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 theuserof theprogram and

the mathematical models that describe the resist behavior. Several programs have been

written for the simulation of optical lithography (see Chapter 1). The following section

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

SAMPLE.
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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, oq(t) = AMj(t) + B. A rigorous routine for

thin-film stack computations by Beming calculates the average intensity in each layer for

each incremental time step [45]. The PACconcentration 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:

Mx (t + At) = Mtexp [-C/j (0 At] [2.7]

This routine is repeateduntil 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 \im 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 ofSection 2.1.4. SAMPLE implements both theDill model ofequation
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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 KIT 820 resist using the Kim developmentmodel 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 um pitch.

Profiles are shown for three cases: best exposure and focus, 22% underexposure, and best

exposure with 3 urn 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, modelingtrends have movedtowards 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, hastendedto emphasize the use of single-step data collection techniques in which

overall performance parameters such as the sensitivity andcontrastaremeasured. 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

thecapability of monitoring specific chemical bonds within theresist as thebake progresses.

As aresult, this technique can be applied to thecharacterization of a widerange 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
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characterization, modeling, and simulation techniques for the implementation of this new

methodology.
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Figure 2.1: Chemical structure of the novolac resinused in diazo-typeresists

OW n

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 urnand A =0.49 urn-1, B = 0.031 urn-1, and C = 0.0125 cm2/mJ.
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Figure 2.4: Comparison of the Kim modelwith experimental measurements of dissolution
rate versus PAC concentration for KTI 820 resist.
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Figure 2.5: Configuration of the 1th layer in the resist film at time, t, in the SAMPLE
exposure algorithm.
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Figure 2.6: Contours of constant PAC concentration in KTI 820 resist for a 99 mJ/cm2
exposure dose. The mask pattern is a line-space grating with a 2.6 |im 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.
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Figure 2.8: Simulated development profiles of KTI 820 resist using a line-space grating
pattern with a pitch of 2.6 urn. Results are shown for a) a nominal dose of 99
mJ/cm2, b) 22% underexposure, and c) nominal dose with 3 |imdefocus.
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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 urn. Results are shown for a) a dose of 99 mJ/cnr, b) 22%
underexposure, and c) with 3 |im 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

Anew lithography simulation program, SAMPLE-ARK, has beendeveloped for the sim

ulation of advancedresist 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 presentwithin the resist

and the basic mechanisms which modify their concentrations such as chemical reactions and

diffusion. The programtracks the localconcentration of these species as the bakeprogresses.

At the conclusion of the bake, the dissolution rate can be expressed as an algebraic function

of any species concentrations within the resist. Thisnewprogram encompasses a wide vari

ety of new and complex resistprocesses suchas imagereversal,chemicalamplification, 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 modifications 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 ^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 additionalpost-exposure bake.

The basicchemicaland physicalmechanisms which determine the resist behaviorduring

the post-exposure bake are also common to most resist processes. These mechanisms

includechemicalreactions anddiffusion. Therefore, by including the simulation of a post

exposure bake in terms of these basic chemical andphysicalmechanisms, current simulation

tools can be extended to encompass a wide variety of complex resist processes. In addition,

by extending in this generalized mannerthrough 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.

33 OVERVIEW OF SAMPLE-ARK

The approach outlined above has been used in the development ofageneral resist simu

lation tool, SAMPLE-ARK, or SAMPLE with Advanced Resist Nineties. This program, a

modification ofSAMPLE [1], simulates the reaction kinetics and diffusion that occur during

post-exposure processing of advanced resist technologies. Figure 3.1 shows aschematic of

resist simulation using SAMPLE-ARK. The exposure and development routines ofSAM

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 routinetracks the local concentration of up to ten chemicalspecies

throughout the resist as the bake progresses.1* These species interact with one another through

an unlimited numberof user-defined chemical reactions. In addition, each of these species

may also diffuse within the resist with either a constant ora 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, theprogram

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

f. Amaximum number of ten chemical species was selected since it was felt that this number would besufficient for
simulating most resist processes of interest. This value can beincreased quite easily bytheuser 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, in 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 newARK 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

resistsystem, theyrepresent the concentrations of the acidgenerator andthe photo-generated

acid.
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During thepost-exposure bake, thestate oftheresist 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

tributionof 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.

3.33 SAMPLE-ARK Operation

Figure 3.3shows a flow diagram ofSAMPLE-ARK operation during thesimulation of a

post-exposure bake process. Thesimulation begins with theexposure of theresist using the

standard SAMPLE exposure routine. Following the exposure, SAMPLE initiates theARK

bakemodule. At thispointin the simulation, theusermustprovide a complete description of

thepost-exposure bake. Thisdescription begins with thespecification of the bake conditions

consisting of the temperature and time of the bake. The next step is to establish the initial

concentrations of the differentchemicalspecies present within the resist. The concentration

of a given species maybe independent of location within the resistor mayhavesomespatial

distribution as a result of the exposure. The chemical and physical changes that the resist

undergoes during thebake arethen described through a system of chemical reactions anddif

fusion coefficients specific to the particular resist process under simulation. Following a

complete description of the bake, theprogram 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, hi the first option, the spatial concentration matrix

of one of the chemical species within the resist is returned for dissolution simulation using

any ofthe development models provided inSAMPLEJ 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.

33.4 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 species 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 nodiffusion 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 programminglanguageof the new bake routine, compatibil

ity with the old SAMPLE code written in FORTRAN77 becomes a critical issue. The FOR-

f. See Chapter2 for a descriptionof the development models available in SAMPLE,
$. Diffusionrequires much more memory in comparison with chemical reactions alone.
*. Thismemory requirement should, for these cases, besufficiently small to allow theporting of theprogram to
personalcomputers 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-

ARKbake routine. The Appendix provides a complete list of all of the commands as well as

a description of how to use them.
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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 read 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 concentrationof 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 lel5;

initializes the concentration ofspecies Ato avalue oflxl015 at each point inthe 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
Sx -> S2 [3.1]

In the case where the exposure determines the species concentration, the expose and

exposeJnv parameters of the initialize command (see the Appendix) are used to initialize

the species concentration to the normalizedconcentration of species S: and S2 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 S2 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:

• reaction k = 1, in = a(2),b out = 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:

d[A] =-2[A]2[B] [3.3]
dt

d[B]
dt

d[C]
dt

= -[A]2[B] [3.4]

= [A]2 [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 power.''' The model derived

f. This occursmost often whenthereaction hasnot beenexpressed in terms of the fundamental reaction mechanism.
Also, reactions in polymers may not always follow the basic laws of reactionkinetics.
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in Chapter 6 for the acid catalyzed crosslinking reactionin ShipleySNR 248 resist presentsa

prime example of this effect. The photo-generated acid participates kinetically in this

crosslinkingreaction with a power of 1.42. This type of behavior is easily specified in the

reaction command, once again, by includingthis non-integernumber in the parentheses fol

lowing the species name.

The specification of the rate coefficient can take severalforms. 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 coefficientthat 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:

k=k0exp [-j^f J [3.6]

where E^ is the activation energy in eV, kj, is a pre-exponential specified with the kparame

ter, KBis 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:

fc=i

A+B-+C [3.7]

2A -> C [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 ofreaction 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:

-gp = V- (DfVC,) [3.9]

where Q and I>, 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 thedivergence of equation [3.9], thediffusion

equation simplifies to:

-^.=Di^2Ci [3.10]

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

the programusing the diffuse command. The diffuse command format is given by:

• diffuse species name diffiisionjcoefflcient;

where the units for the diffusion coefficient are in u,m2/sec. For example, the command:

• diffuse a le-5;

results in the diffusion ofspecies Awith aconstant diffusion coefficient oflxlO'5 urn/sec2.'*'

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 Q(j,k) denotes the concentration ofthe 1th chemical species at

point (xj,zk) on the discretized grid depicted inFigure 3.5. The approximation for the second

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

a2^. cic/+i>^)-2c<qib)+cf(/-i,«
dx2 (Ax) 2

f. At this point, die diffusion coefficient is assumed to have no temperaturedependence. 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 ofequation [3.10], the diffusion equation becomes discretized

for application to a resist grid with rectangular grid elements.

The approximateddiffusion equationhas 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 1th 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 Jim completely blurs the standing

wave pattern. Since the diffusion length is defined as iJBt, a post-exposure bake for 160

seconds with adiffusion coefficient of lxlO"5 nm2/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

standingwave "fingers" in comparison to the profile obtainedwith 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:

dCj-l =D{V2 C, +VDtV 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.(/ + l,*)-C.(/-l,*)] [/>,.(/ + !.*)-0/(/-l.*)]
x-directionterm = ^ [3.13]

4(Ajc)2

A comparable term exists as well for the z direction.

f. Because this is a lower order approximation,a higher griddensity 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 boundarieswithin the resist These boundary

conditions in the z direction are given mathematically by the equation:

JC<(*») -Ol^x [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 altemative 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:

C,(*i) = C„|2 =0 [3.15]

where Css 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, altemative 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;

Table3.1 gives a complete list of the operatorsthat can be used in the define command.

Operator Description

+ Addition

- Subtraction

♦ Multiplication

/ Division

A Raise to power

0 Parentheses

expO ex

log() Log (base 10)

ln() 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 programinput 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 speciesto the standard dissolution routine in SAMPLE. The returnedmatrix replaces

the "M" matrix which usually stores thenormalized 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 code 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 definedin 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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• define ce 15*casA2 - 20*casA3 + 15casA4 - 6*casA5 + casA6

• define rate 350 * (1 - ce/6.3)A 6.5

• return rate

a matrixcontainingthe local dissolution rate can be returned to the standarddissolution 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:

-gi=/1(C1,...,Cn) [3.16]

9C»_

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

concentration of allofthe chemical species ateach location within the resist. Inorder topro-
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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 [5]. Mathematically, the one-step method is described by:

Ct (*+Afl = C;(0 +At •* (Cj (0,..., Cn(0 ;Af) [3.17]

The type of one-step method selected determines the form of the increment function, (j), 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 [5]. 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 erroris
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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 methoddoes 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 bake 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 stepsize canbe optimized for each individual grid pointto

rninimize 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 diffusing 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* ofthe 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

f. 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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expeaed, however, that as the diffusion coefficient becomes larger, the approximate solution

will become less accurate.

3.6 SUMMARY

Anew lithography simulation program,SAMPLE-ARK, has been developed for the sim

ulation of advanced resist technologies such as image reversal, chemical amplification, 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-specifiedchemical reactions

during the bake. Diffusion of chemical species within the resist can occur with either con

stant or concentration-dependent diffusion coefficients. Modification 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 automatictime-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 inclusionof these powerful features, it is expectedthatSAMPLE-ARK will have the abil

ity to simulate both present and future resisttechnologies with little orno 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 simulationwith 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 3.6: Resist development profiles of KTI 820 resist a) with a post-exposure bake and
b) without a post-exposure bake.
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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. Through 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

technologies 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 ICAto 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 Jim equal lines and spaces mask pattern (0.8A/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 normalizedindene concentration.*

The simulationresults from the input file of Figure 4.3 are shownin Figure4.4. The 0.8

um mask pattern used previously for simulationof the standardpositive 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 maskpattern. Sinceabsorption 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 anddevelopment parameters is stillneeded in orderto perform a

full simulation study of this image reversal process.

f. Referto the SAMPLE manual foracomplete description of thestandard SAMPLE commands.
t- Since no knowndissolution rate parameters describing animage reversal process were available, asan
approximation, the parameters from the positive resist process shownearlier wereused.
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The example of Figure 4.4 assumes the completeconversion of ICAto indene during the

post-exposure bake. However, SAMPLE-ARK provides the means for examiningthe 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 incomplete 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

43 CHEMICALAMPLIFICATION

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 193nm for example), newresistmaterials andtechniques 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/cm2 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 ofthis 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 catalyzes 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.

f. In a pure catalytic reaction, the catalyst increasesthe rateof the reactionwithout undergoingany 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.* 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/cm2).

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 of50mJ/cm2 and a bake time of10 seconds.

t- Chapters 6 and7 provideexamplesin which the acidis actually consumedin an alternate reaction during thebake.
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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:

Doci [5.3]
t

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/cirr and a

bake time of 50 seconds. While the sensitivity increased by a factor of 5, the development

profile 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 contrastJ

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 Si02 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

f. Eventually, the resist contrastwill 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 cannotincorporate position-dependent etchrate 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

siliconuptakeduringthe post-exposure processing. While this approach does not lead to the

simulation of the final resist images, good qualitative information can nonetheless be

obtained.
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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) =3.5 •exp [g^j] nm2/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 Jimequal lines and spaces pattern

(0.8X/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

showsthe contours of relativesiliconconcentration in the resist as a result of using the input

file of Figure 4.12 in SAMPLE-ARK. The exposureoccurred 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 reactionprior to the silylation step. Spence et al. have shownthat, 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 0.8A/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

throughoutthe 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

imagingresist process. However, by increasing the resin absorption or by includinga 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 thediffusion and site-controlled silylating resists indicates that SAMPLE-ARK provides

anexcellent 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 theresist 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 criteriasuch 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 understandingof 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 2000t
exposerun

startbake

initialize indene exposejnv 1
return indene

endbake

heatdiffus 0.02 1

devrate 1(5.63,7.43, -12.6)

devtime 15 60 4

developrun

f. Image reversaltypically requires higherdoses thanstandard diazo-
type resists.
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Figure 4.4: Resistdevelopment profiles for an imagereversalprocessusing 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))

(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

return indene

endbake

heatdiffus 0.02 1

devrate 1 (5.63,7.43, -12.6)

devtime 15 60 4

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

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
initialize a 1

initialize b 0

bake

return a

endbake

devrate 1 (5.63,7.43, -12.6)

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 of50mJ/cm2 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 of10mJ/cm2 and a bake time of50seconds.
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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

imagerun

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((l-pac) / 0.1414)

diffsource silicon 1

bake

return silicon

endbake

printmvals
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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
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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 mterferometry—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 experimentalexposure 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 gaina better understanding of theresistperformance, characterization

techniques must provide information about the basic chemical and physical changes

occurring withinthe resist duringeach individual process step.
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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

individual 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 model, as described in Chapter 2, has been used successfully to describe the

exposure of diazo-type resists [1]. The Dill model is given by:

a(z,0 = AM{z,t) +B [5.11

Z-M (z, t) =-/(z,r)M (z, /) C [5.2]

where a 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
Sx -» S2 [5.3]

where S} and S2 are the reactant and product species involved in the reaction. In the

generalized Dill model, Mrepresents the normalized concentration ofS^ and Cbecomes 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 PACdestruction andthe othercorresponding to resin darkening[2].

The change in the absorption coefficient, as seen in equation [5.1], affects the resist

transmissionduringexposure. Dill et al. foundthatby monitoring the transmissionof 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 ofmorecomplex resistprocesses. Based

upon this principle, Drako et al. devised an experimental system for monitoring resist

transmission when using a pulsed excimerlaser 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 thetransmission, theresist is spin coated onto aquartz substrate

whichis transparent in the deep-UV. The wafer sitson the waferstage. The detector located

behind the quartz wafer monitors theresist 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.

f. 1 - M is the concentration of S2.
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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 248, 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 laserused in this system has acoherencelength that is much longer than the quartz substratethickness.
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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 [5]. The unusual

behavior of the resist transmission in Figure 5.4 is typical of a resist with multiple photolytic

reactions. For this resist, three distina 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 ABCparameters 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 Figure5.2b. As a result, a programthat uses a nonlinear least squares

fittingalgorithm [6] has beendeveloped to determine theABCparameters. The programhas

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 surnming 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 theABC 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 M-m"1, B= 1.16 urn"1, and C=0.0023 cm2/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 Ax =0.38 urn'1, Bx =0.68 um"1,

Cx =0.0044 cm2/mJ, A2 =-0.38 urn-1, B2 =0.57um"1, and C2 =9.3X10-4 cm2/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.

5.2.3 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 transmission curve of Figure 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 [tm.^ The resist
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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 environment. 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 transmissioncurve 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 adistinct peak at 1540 cm"1 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 ofacid generation, C = 0.0045 cm2/mJ, was determined as

shown in Figure5.8. FITRspectroscopy, however, does not provide a foolproofmethod 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. Li modeling the exposure, two components must be

considered: the absorption coefficient andthe local concentration of acid. Measuring of the

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

t. This wavelength range corresponds to arange of 4000 cm"1 to400cm"1 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 amplificationresists 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 coefficient alone does not seriously affect the overall

accuracy of the final model for chemical amplification resists.

53 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 FITR spectroscopy
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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.

53.1.1 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 varietyof these techniques through severalrelevantexamples.

Figure 5.9 shows an FITR 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 fromthe resin [5]. The

characteristic peak at1760 cm"1 provides adirect measure ofthis deprotection reaction. This

peak,in addition to beingsignificantly larger thananynoise presentwithin the measurement,

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

information.

Forotherresists, thechemical changes occurring during the bakeproduce 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"1 and 990 cm"1 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'1 and 1090 cm"1 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= [EA-EB]-[UA-UB] [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 FITR 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 altemative measure for the peak

area.

Auser-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"1. 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 shownfor SNR 248 in Figure 5.10, calculation of a

consistentbaseline becomes difficult when absorbance changes are on the same order as the

noise. However, in the difference spectra of SNR248, the characteristic crosslinking peaks

at990 cm"1 and 1070 cm'1 increase insize at aproportional 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.

53.2 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, FITR

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)* 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

f. See section S.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 approximatelytwo 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 inChapter 3,different kinetic models can becompared with experimental

databysolving thekinetic equations at each point in theresist and then averaging theresults

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 amplificationresists, 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]m [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 resistmaterials requires both

110



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. Aphotodiode arrayprovides the ability to track multiple zones on a single wafer

simultaneously. Figure5.17 shows a typical interferometric signal obtainedfrom the DRM

for SNR 248 resist From this raw data, the resistdissolution rate can be calculated. Figure

5.18 shows the resulting plot of the dissolution rate in SNR248 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

Californiaat 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 thedevelopment of diazo-type resists in

terms of the PAC concentration. In a more recent version ofPARMEX developed by Chiu

[12], the dissolution ratecan be correlated with chemical species concentrations fromkinetic

bake models ascalculated bySAMPLE-ARK. Forexample, Figure 5.19 plots thedissolution

rate of SNR 248 resist versus theconcentration of two different species following the post

exposure bake. In Figure 5.19a, twodistinct curves result when plotting the dissolution rate

as a function ofphoto-generated acid concentration at two different bake temperatures. This
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result indicates that the acid concentration does 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^ SUMMARY

A set of resist characterizationtechniques 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 providereal-time data acquisition. Alternative

in-situ techniques such as opticaltransmission duringthe exposure andinterferometryduring

the bake (for t-BOC resists) indirectly monitor the chemical changes in real time but must be

correlatedwith 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 5.2: Schematic of the resist/quartz substrate stack for optical transmission
measurements showing the reflections occurring at various boundaries for a) an
idealistic configuration and b) the configuration used currently.
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Figure 5.3: Transmission versus exposure dose for Shipley SNR 248 resist.
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Figure 5.4: Transmission versus exposure dose for a t-BOC chemical amplification resist.

I
"8
s
09

B

2

40

37

34 -

::i "
|i:

-

ijt{*^^^^^
^^^^

\/|jT^T—
i

:

i

••••'il
l...1...

31

28

25

400 800 1200 1600 2000

Dose (mJ/cm )

118



Figure 5.5: 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 ofexposed t-BOC resist with the peak at 1540 cm"1
indicative of acid generation.
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Figure 5.9: FITR spectra of a t-BOC resist. The peak at 1760 cm"1 provides a measure of
the deprotection reaction.
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Figure 5.10: FITR difference spectra for SNR 248 resist Peaks at 990 cm"1 and 1070 cm"1
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Figure 5.11: FITR difference spectrum of solvent bake-out in SNR 248 resist.
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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 5.17: Raw interferometric signal from the DRM for the development of SNR 248
resist.
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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-exposurebake 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 suggestthat both the nature of the acid catalyzed crosslink

ing reactionas well as the crosslinking agentstructure stronglyinfluence the resist behavior.

The crosslinking reaction during the bake is monitored through the characteristic IR absorp

tion bands at 990 cm"1 and 1070 cm"1. 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 CTosslinking 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 dataquite well. Simulation

results usingSAMPLE-ARK are compared with experiments. Good correlation is obtained

between simulated development profiles and experimental results over a range ofpost-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 understood. 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 [71.

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, theapplication of thismethodology to Shipley SNR248 resistresults in thedevelop

mentof a mechanistic based working model for the simulation of resistdevelopment 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 ofa 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

resist 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.

f. 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 accurateexposuremodelfor 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 determined 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 ofA= -0.71 urn"1, B = 1.16 jxm"1,

and C = 0.0023 cm2/mJ. With these parameters, the Dill model fits the experimental data

quitewell. The negative value obtainedfor theA 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 asa function of theexposure dose. In measuring theresist 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, FITR spectroscopy was

used in conjunction with the optical transmission measurements to monitor the exposure

related chemical changes. While nochanges occurred intheIRspectrum that could beattrib

uted to acid generation, the peak at 1560 cm"1, characteristic ofthe 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, mayaccount 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 withhigher 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 shouldbe 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:

In

A = —

T(oo)

Lr(0)J
[6.1]

where d is theresist thickness and T(t) is theresist transmission attimet. Using thisexpres

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/cm2) [9]. Therefore, itis 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 predicted 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 affea 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

a novolak 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, innegative 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 crosslinkingreaction 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 (CH2OR where R is an alkyl group),

termed crosslinking sites, will bond to the resin. The sites that attach to a resin chain

(CH2OAr where Aris the aromatic ring ofthe resin) have been termed activated crosslinking
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sites. For a single crosslinking event to occur,a connection or bridge must form between two

different resin chains through the crosslinkingagent. 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:

jt°S =*iC„Ca [6.2]

where C^ is the normalized concentration of activated crosslinking sites, C^ (C^ = 1 - C^)

is the normalized concentration of unactivated crosslinking sites, Cais the normalized con

centration of acid, and kj 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

133



crosslinking reaction. Also, the acid concentration term of the crosslinking reaction was

raised to the 111th power (m > 1). With these additions, the generalized model is then given

by:

3C^"-kfij- [6.3]

Tt ' = -Wa t6-4!

where k2 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«aCJl-«p ft /w
r k

mkt1V-*"71*2') [6.5]

where Ccs is a constant representing the total concentration of crosslinking sites and Cao 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 k^ k2, and m. Chapter 5 describes in more detail the

use of FTIR spectroscopy for monitoring chemical changes in resistduring baking. To avoid

the large standing waves generated duringexposure on silicon, ahardbaked layer of KIT 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 minutebake 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"1, corresponding to

areactant in thereaction, wasassigned to theunactivated crosslinking sites while theupward
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peak near 990 cm"1, corresponding to a product, was assigned to the activated crosslinking

sites. The peaks at 990 cm"1 and 1070 cm_1 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/cm2): 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 crosslinking 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 crosslinkingreactionbefore it reachescompletion, 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 ratecoefficients,kj and

k2, 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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*aO
kt =kioexP\'Y~f) [6,6]

where Kb 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 klo = 6.56 x 1011 sec"1, E^ = 0.88 eV, k2o =

4600 sec"1, and E^ =0.43 eV.

6.5 MODELING THE DEVELOPMENT

The third step in the modeling process consists of relating the dissolution rate to the

extentof crosslinking that occurred duringthepost-exposure bake. The crosslinking reaction

duringthe bakeincreases the molecular weight of the resin. Thedissolution rate of polymers

haspreviously beenrelatedto the average molecular weightof the polymerthrougha general

empirical expression given by [11]:

Rate oc JL [6.7]

where Mw is the average molecular weight and a is an empirical constant dependent upon

both the polymer itself as well as the solvent. During the crosslinking reaction, the total

weight contained inthe resin remains constant atnMw(initial)i' where n is the initial number

of resin chains. Eachcrosslinking event that occurs effectively removes oneresin chain from

the totalnumber 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:

f. Thismodel assumes thatthecrosslinking agent haslittle effect ontheweight ofa given resinchain once it becomes
attached to it

%. Thereduction inthenumber ofresin chains byonethrough asingle crosslinking event assumes that thecrosslinking
agent does not connect to the same resin chain twice.
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«MW (initial)

M» = n-CE [68]

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:

CF aRate=tf0(l-^) [6.9]

where CE is the number of crosslinking events and Rq, C0, and a 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 activatedcrosslinking sites. In SNR 248 resist, the melamine crosslinking agent contains

six crosslinking sites. However, a more general approach can be taken in deriving a model

for any number of crosslinking sites, ns, which can then be made more specific for SNR 248

resist which is believed to be represented by i^ = 6. The probability of activating k of ns

sites follows a binomial distribution and is given by:

pw =(^JcLa-^)"-* [6.io]

After the activation of the first site on each melamine, activation of eachremaining 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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CE = nm^ (k-l)P(k) [6.11]
* = 2

where i^ 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 ns = 2, this expression becomes:

CE = njC* [6.12]

while for SNR 248 with i^ = 6, this expression becomes:

CE = nm[lSCl,-20Cl,+15C* -6C?,+d] [6.13]'m«-~*'was -~~as ' ~as "~as as

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

nationwith equation [6.13] was then fit to the datato obtainthe three fitting parameters. Fig

ure 6.11 compares the resulting model using Rq = 350 A/sec, C0 = 6.3, and a = 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 experimentaldata 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 FTTR peaks used to monitor the crosslinking reaction do provide a good measure of the

resistdissolution characteristics as predicted.
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Recently, Thackeray et al. have shownthat the consumptionof the hydroxyl group on the

resin duringthe crosslinking reaction (seeFigure 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

altemative 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 X = 248 nm, NA = 0.42, and a = 0.5. The resist was approximately

1 |im thick. Figure 6.12 compares the results obtained with a 0.4 |xm 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 withoutprecise knowledge of resist thickness and

stepper illumination, thedose was increased bya factor of 1.4(from 30 to 42 mJ/cm2) such

that large areas cleared in about 1/4of 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 patternusing a post-exposure bake of

140°C for 60 seconds. 'Without changingthe normalization factor for the dose, the simulated

and experimental resist lines show a similar degree of undersizing for a 18 mJ/cm2 dose

experimentally and a 25.2 mJ/cm2 dose inthe 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 Jim line and

space pattern. This pattern size, correspondingto 0.5VNA, has a much lower image contrast

than the 0.4 um 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 model 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"1 and 1070 cm*1

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 bakecondi

tions and pattern dimensions down to 0.3 \im.
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Figure6.1: Chemical structure of a) the poly (p-vinyl phenol) resin andb) the melamine
crosslinking agent in SNR 248 resist.
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Figure 6.2: Experimental and simulated transmissioncharacteristics of SNR 248 resist.
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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 6.8: FTIR difference spectra ofSNR 248 resist fordoses of 4 and6 mJ/cm2 with a
post-exposure bake of 150°C for 120 seconds.
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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 6.12: Resist development profiles of SNR 248 resist from a 0.4 \±m 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 SNR248 resist from a 0.4 p.m 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/cnr
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 partem 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 FITR 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"1 over arange ofexposure 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 [l]-[3]. Chapter 6 described one such resist,

Shipley SNR 248, in which acid catalyzed crosslinking during the post-exposure bake leads
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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 profilesunder a variety of processing conditions.

Mechanistic modeling approaches for the negative-tone SNR 248 resist have demon

stratedgreat success [41 -[8] (seeChapter6). 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

needto be considered in optimization of this resist process, including the choice of acidgen

erator type and concentration, leads to a difficult problem to address. By gaining an under

standing of the mechanisms that affect theresist 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 structure and the

deprotection reaction are shown in Figure 7.1 [1]. With the removal ofthe t-BOC group, the

resin becomes soluble inaqueous developer. The difference insolubility may be exploited to

pattern images in the resist through the selective introduction ofa 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 Figure7.2.

In addition to the acid catalyzed deprotectionreaction, the resin will also undergo chain

scission at the sulfone group upon exposure leading to a decrease in molecular weight [1],

This effect will act in concert with the deprotectionreaction to increase the resist solubility in

the exposed regions. However, since the sensitivity of the resin alone to deep-UV patterning

has been shown to be greater than 1J/cm2 [11, it is expected that the extent ofdeprotection

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 transmissionduring exposure has been
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previously demonstrated for the acid hardening resist, SNR248, inChapter 6. Inthis model,

the absorption coefficient, a, is described by:

a(z,0 =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:

§-M(z,t) =-I(z,t)M(z,t)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.''' It is important to

note when using this model, that if otherreactions occur simultaneously with the acid gener

ation reaction during exposure, the expression for a may be more complex than equation

[7.1].

Measurements of the transmission versus exposure dose weremade by spinning the resist

onto a quartz substrate and then monitoring the transmission as the resist was exposed as

described inChapter 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

mustbe 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 a and C of

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

tors.

f. This assumes thatallof the acidgenerator canbe 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 lithographicallyuseful 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 a, 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 a = 0.63 urn _1 and a =

1.06 urn""1 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 = a +ar [7.3]

where as is the component of the absorption coefficient due to the acid generator and otj. is

the component due to the resin. From the resin transmissioncurve in Figure 7.3b, the absorp

tion coefficient ofthe resin inthe range of~100 mJ/cm2 is o^ » 0.1 urn"1. 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/cm2 where the resist bleaches,
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and the region beyond 600 mJ/cm2 where the resist again darkens with increasing exposure.

The final region beyond 600 mJ/cm2 can be attributed 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 obtainedin transmission mode using a sil

icon substrate polished on both sides asdescribed in Chapter 5. To examine the changes that

occurred during exposure, the initial spectrum of the resist before exposure was subtracted

fromthe spectra obtained afterexposure. Figure 7.4 showstypicalresults forthe 6% tosylate

mixture with exposure doses of 50 and 500 mJ/cm2. 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 a 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/cm2,

thebleaching of theresist, which dominates themiddle region of thetransmission 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 transmissionhas yet to be determined.

73.2 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/cm2 [11]. As a result, constant values of a =

0.41 U-m"1 and a =0.55 pm'1 were obtained for the initial stages ofexposure for the 2.5%

and 5% onium salt mixtures, respectively. By using a resin absorption coefficient of a? =

0.1 u,m~ as before, the ratio of the ccs'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 5 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-
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dent of, the acid generation reaction, the ABCvalues for the resin were held constant and a

second set ofABC 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 \im~l, B=0.77 \im~ C=

0.0011 cm2/mJ for the acid generation reaction. With the above assumptions, the rate coeffi

cient C= 0.0011 cm2/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 aOim"1) C(cm2/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

Themodels determined for theresist exposure can be usedto calculate the localconcen

tration of acid at any depth within the resist as a function of exposure dose, resist thickness,

andsubstrate reflectivity. To model thepost-exposure bake, the catalytic acid concentration

must be related to the local amount ofdeprotection, 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"1, which decreases during the bake, corresponds tothe 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"1 and integrating the area under this peak using the FTIR software package

described in Chapter 5. The peaks near 1150 cm"1 and 1280 cm'1 are also indicative of the

deprotection reaction. However, the peak at 1760 cm"1 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 7.9c. It is evident from the

differences between these two results that the kinetics of the deprotection reaction 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:

§-t[T] =-^[T][A] [7.4]

J[A] =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, andkj. is the reaction ratecoef

ficient. Equation 7.4describes theremoval ofthet-BOC protecting group while equation 7.5

describes the acid loss, assumed in this case to be zero. Simulated results from the modified

version ofSAMPLE-ARK with kj=0.08 sec"1 are compared with the experimental results in

Figure 7.10. It isevident from the fit that this simple model isunable toreplicate 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 ofthe bake. Therefore, the spacing between the curves can be increased by

raising the acid concentration term inequation [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:

^m ^-kx{T\[A]m [7.6]

Jj[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 ofm=1.8 and k^ =0.6 sec"1 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 dataduring

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 reveals that this bowing effect

increases at higher bake temperatures. One mechanismthat 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 activationenergies, 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 kj =

0.125 sec"1. 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 effea 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 Cone. Bake Temp(°C) k^sec"1) m

6wt%

95 0.031 1.2

105 0.125 1.3

115 0.45 1.4

12wt%

95 0.20 1.8

105 0.60 1.8

115 2.05 1.8

Table7.2: Bake model parameters forthetosylate acid generator.

7.4.2 Onium Salt Bake Model

While thedeprotection reaction with the tosylate acid generator proceeded towards com

plete deprotection, the saturation ofthe 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 saltacid generator. It is postulated, therefore, that

the acidthat catalyzedthe reaction was rendered inactiveduring 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:

§-tiT] =-^[71 [A]" [7.8]

^[A] =-k2[A] [7.9]

where k2 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, kj =16.7 sec"1, and k2 =0.035 sec'1. The fit obtained using m =1.6,

kx =580.9 sec'1, and k2 =0.029 sec"1 for the 5% onium salt mixture at abake 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 Cone. BakeTemp(°C) k^sec"1) k2(sec"1) m

2.5 wt%

95 19.7 0.026 1.3

105 16.7 0.035 1.2

115 31.7 0.033 1.3

5wt%

95 130.9 0.032 1.4

105 580.9 0.029 1.6

115 700.0 0.026 1.7

Table 7.3: Bakemodel parameters for the onium salt acidgenerator.

7.5 COMPARISON OF ACID GENERATOR PERFORMANCE

The plots of deprotection versus baketime of Figures7.8 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 ofdeprotection

occurs at a lowerexposure 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 ofsensitivity are expected for the resist with the tosy

late atincreased bake times. In theory, the achievable sensitivity inthis resist should only be

limited by lateral diffusion of the acid at extreme bake times.
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The process latitude of the resistwith respect to the bakeconditions alsoplays animpor

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 deprotectionin 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 c). 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 measurementshave been used to monitor

the extent of acid production during the exposure andthe amount of deprotection during the

bake. As observed from the experimental results, the resist behavior was strongly dependent

on both acidgenerator type and concentration. The experimentalmeasurements 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 model

consisted of an absorption coefficient, a, 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 observedat 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 inthe nitro-group absorbance at 1540 cm"1 inthe 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'1 in the FTIR spectrum was used to monitor

the deprotection reaction over a range of exposure doses, bake temperatures, andbake times.

From the measurements, the deprotection proceeded to completion with the tosylate acid

generator, but saturated atadose-dependent level with the onium saltacidgenerator. Li 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 theexposure 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 theresist withonium salt required anadditional acid loss reac

tionto 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.

169



REFERENCES

[1] R. Tarascon, E. Reichmanis, F. Houlihan, A. Shugard, and L. Thompson, "Poly(t-

BOC-styrene sulfone)-Based Chemically Amplified Resists for Deep-UV Lithogra

phy," PolymerEngineering andScience, vol. 29,no. 13, pp. 850-855, Mid July, 1989.

[2] C. Willson, H. Ito, J. Frechet, T. Tessier, and F. Houlihan, "Approaches to the Design

of Radiation-Sensitive Polymeric Imaging Systems with Improved Sensitivity and Res

olution,"/. Electrochem. Soc.,vol. 133, no. l,pp. 181-187, January 1986.

[3] J. Thackeray, G. Orsula, E. Pavelchek, D. Canistro, L. Bogan, A. Berry, and K.

Graziano, "Deep UV ANR Photoresists for 248 nm Excimer Laser Photolithography,"

SPIEAdvances in Resist Technology and Processing VI, vol. 1086, pp. 34-47,1989.

[4] D. Seligson, S. Das, H. Gaw, and P. Pianetta, "Process Control with Chemical

Amplification Resists Using Deep Ultraviolet and X-ray Radiation," /. Vac. Sci.

Technol. B, vol. 6, no. 6, pp. 2303-2307, Nov/Dec 1988.

[5] S. Das, J. Thackeray, M. Endo, J. Langston, and H. Gaw, "A Systematic Investiga

tion of the Photoresponse and Dissolution Characteristics of an Acid Hardening

Resist," SPIEAdvances in Resist Technology and Processing VII, vol. 1262,1990.

[6] H. Fukuda and S. Okazaki, "Kinetic Model and Simulation for Chemical Amplifica

tion Resists,"/. Electrochem. Soc, vol 137, no. 2, pp. 675-679, February 1990.

[7] D. Ziger, C. Mack, and R. Distasio, "The Generalized Characteristic Model for

Lithography: Application to Negatively Chemically Amplified Resists," SPIE

Advances in Resist Technology and Processing VIII, vol. 1466,1991.

[8] R. Ferguson, J. Hutchinson, C. Spence, and A. Neureuther, "Modeling and

Simulation of a Deep-UV Acid Hardening Resist," /. Vac. Tech. B, November/

December 1990.

170



[9] F. Houlihan, A. Shugard, R. Gooden, and E. Reichmanis, "Nitrobenzyl Ester

Chemistry for Polymer Processes Involving Chemical Amplification,"

Macromolecules, vol. 21, pp. 2001-2006, July 1988.

[10] F. Dill, W. Homberger, P. Hauge, and J. Shaw, "Characterization of Positive

Photoresist," IEEE Trans. Electron Devices, vol. ED-22, no. 7, pp. 445-452, July

1975.

[11] F. Houlihan, E. Reichmanis, L. Thompson, and R. Tarascon, "Chemically Amplified

Resists," in Polymers inMicrolithography: Materials and Processes - ACS Symposium

Series 412, ed. E. Reichmanis, S. MacDonald, and T. Iwayanagi, pp. 39-56,

American Chemical Society, 1989.

171



Figure 7.1: Resin structure anddeprotection 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: FTIRdifference spectrafor the 6% tosylate mixture after exposuredoses of 50
mJ/cm2 and500 mJ/cm2.
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Figure 7.5: Normalized acid concentration versus exposure dose as determined from the
FTIR peak near 1540 cm"1 and from simulation with C=0.0045 cm2/mJ.

s

2

8
c
o

V
•o
••a

<

0 500 1000 1500

Dose (mJ/cm2)

174

2000



Figure 7.6: Transmission versus exposure dose fora 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 7.10: Comparison between FTIR results and a simple catalytic model for the 12%
tosylate mixture at a bake temperatureof 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 mixtureat a baketemperature 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 mixtureat 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

chemicalandphysicalchanges that occurwithin the resistduring 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 resistas the bake progresses. The localconcentrations of these specieschangeduring 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. Atthe conclusion ofthe bake, the user may specify an unlimited variety ofdis

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 beenexplored and refinedfor 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 simulatingthe image

reversal process, modifications to the post-exposure bake input description demonstratedthat

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 etchwillprovide the opportunity to compare the

performance of these fundamentally differentsilylationprocesses.
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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-artdeep-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

animportant role in determining the resist performance. The inclusion of the exposure, bake,

anddevelopment models in SAMPLE-ARK leadto the accurate simulationof 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 acidcatalyzes the

removal of a t-BOC protectinggroup from the resin duringthe bake. FTIR spectroscopy was

once again used to monitor the deprotection reaction. A complete study involving the mix

ture of various resist compositionsdemonstrated thatboth 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 reaction 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 proceededto completion for all exposuredoses. 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 thecompletion of this comprehensive methodology and its successful application to

several important resist materials, it is appropriate atthis time to add comments and ideas for

further improvement For the general simulator, SAMPLE-ARK, these improvements con

cern the reduction of CPU time through improved algorithms and simplifying assumptions,

further generalization to currentmodels, and the implementation of additional physical phe

nomena. To improve upon the characterization and modeling aspeas 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 datastructure 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 havingincreased speed.

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

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

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

sion equation to allow forcases suchasout-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 occurringduring 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 applicationwill 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, altemative in-situ characterization techniques for monitoring chemical

changes during the bake should be sought whenever possible for increasingthe data acquisi

tion rate. The benefits derived from real time data acquisitionwere 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 mechanisticmodels fromthe rawexperimental data. New soft

ware for the kinetic modeling of exposure and bake datacould 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. Forexample, 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

currentset of measurement techniques mustbe expanded to include a wider variety of char

acterization methods. Perhaps alternative techniques which are not consistentwith standard

processing procedures such as titration, gel permeation chromatography, nuclear magnetic

resonance, and Rutherford backscatteringspectroscopy 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 A FINAL 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 thatit is now pos

sible to address theresist behavior in terms ofchemical and physical mechanisms during pro

cessing for complex technologies such as image reversal, chemical amplification, and

silylation. Materials characterization techniques have beenrefined 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 ofprocess conditions, diagnosing production problems, and

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

industry.
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Appendix

SAMPLE-AKK 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 = speciesttl [jpecies#2,...] out = speciesM [,species#j,...]

The reaction statement specifies a chemicalreaction during the post-exposure bake.
Any number of reactions can be specified in the post-exposure bake description.
When an activation energy is not specifiedwith "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
"out".

initialize species [exposel/[expose__inv] cone

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 cone. When the "expose" command is given, the concentration
is initialized to the M matrix obtained from the SAMPLE exposure routine and is
scaled by cone. 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 expressioncan 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 cone

The diffsource command alters the boundary conditions at the resist surface such
that species is diffused into the resist from an outside source. The cone 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

() Parentheses

exp() ex

log() Log (base 10)

ln() Natural Log
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