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Abstract

An introduction to photoresist materials is presented, followed by a discussion of
current modelling practices, focusing on dissolution models. The need for physical
understanding of dissolution mechanisms is motivated. The results of experimental
work and simulations on four negative chemically-amplified photoresists with var-
ied crosslinker structure are detailed, revealing some drawbacks in current kinetic
models and showing that crosslinker structure has little overall effect on dissolu-
tion characteristics. Recent advances and current research in describing polymer
dissolution mechanisms are discussed, and a simple simulation program of chain-
scission is applied to find the molecular weight distribution of PMMA after elec-
tron-beam exposure. Finally, directions for future research are presented, suggest-
ing the design of some experiments and future simulation programs.




Table of Contents

1.0 Introduction 3
2.0 Photoresist Dissolution Modelling Background 4
2.1 Current models 4
2.2 Is molecular-level modelling necessary? 8
3.0 Crosslinker Studies 9
3.1 Materials 9
3.2 Experimental 10
3.3 Simulation 13
3.4 Conclusions 14
4.0 Polymer Dissolution Studies 15
4.1 Amphiphilic systems 15
4.2 Molecular weight simulations 20
5.0 Conclusions and Directions for Future Work 22
6.0 Acknowledgments 23
7.0 References 24
Appendix A. Gel Point Calculations for ML93 26
Appendix B. C Code for Chain-Scission Simulation 27
Table of Contents 2



1.0 Introduction

The lithographic process was developed initially for use in the offset printing industry, in which
writings and designs are defined on a master metal plate, and this plate is then used to print
numerous paper copies of the writing. Writings are generated on the plate by applying a photo-
graphic film to the plate surface, exposing it through a mask with the written patterns, removing
the exposed film with a development step, and applying an etchant to define the writings in the
surface of the plate. Etching is blocked by the film everywhere except where the film has been
removed, and a permanent copy of the writings is retained in the plate surface. The photographic
films employed by this process are traditionally photosensitive organic materials dubbed “photo-
resists”, from “photo” for photosensitive, and “resist” for the film’s resistance to etchant, thus
defining the two basic properties the film must have.

The semiconductor industry has borrowed this process to define circuit patterns on the surface of
a silicon wafer. The incredibly small size of integrated-circuit (IC) dimensions places very high
demands on the resolution of lithographic pattern-transfer systems, including the photoresist
image recording material (or simply “resist”). In order to be effectively resistant to other IC man-
ufacturing processes such as ion implantation, features in the photoresist film must be uniform in
thickness and have nearly vertical profiles. From a manufacturing standpoint, resolution and etch
resistance are not the only important resist qualities - it must also be reliable, safe, and require
minimal energy doses to become exposed.

There are several different types of materials that are useful as resists. These can be grouped into
positive-tone resists, whose solubility increases with exposure, and negative-tone resists, whose
solubility decreases with exposure. These groups can be further divided into one-component, two-
component, and other systems. One-component resists are simply a photosensitive polymer that
absorbs exposure energy, which causes chain scission (positive) or crosslinking (negative). Two-
component resists consist of a photo-insensitive polymer and a photoactive compound (PAC) that
undergoes a structural change upon irradiation, which affects a change in solubility of the poly-
mer. Other more complicated materials have also been developed, including the negative three-
component resists which will be discussed in chapter 3. Negative three-component resists contain
a photo-insensitive polymer, a photoactive compound, and a crosslinker molecule. In these resists
the PAC serves to generate an acid (thus the PAC is more accurately called a photoacid generator,
or PAG), which subsequently reactes with the crosslinker molecule to form a crosslinked, insolu-
ble polymer. Some positive three component resists have been made by modifying two-compo-
nent systems. A great advantage of some three-component resists is that the acid can be
regenerated, thereby achieving a quantum efficiency greater than one (“‘chemical amplification”).
This can be very important at higher frequencies such as ultraviolet, where low-energy sources
such as the mercury arc lamp are typically used, because it greatly reduces the amount of energy
necessary to change the solubility of the resist.

The resist system currently favored by industry is the novolac/DNQ combination developed by
Oskar Siiss of Kalle Corporation in Germany during the 1930s and 1940s.! This is a two-compo-
nent positive system containing a novolac polymer and a diazonaphthoquinone (DNQ) PAC.
Much is yet to be understood about these resists, and they are one of the main topics of chapter 4.
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The processing of photoresists involves four essential steps. First, a solution of resist and organic
solvent must be applied to a silicon wafer, usually by a spin-on technique. Second, the solvent
must be evaporated to leave a solid resist film. This is accomplished by heating the wafer and
boiling the solvent, in what is known as the-“post-applied” or “pre-exposure” bake. Third, the
resist is selectively exposed through a mask (containing the circuit information). In most resists,
the chemistry that leads to developer selectivity occurs in this step. The fourth step is develop-
ment, during which an etchant is applied to the wafer, removing the exposed (in a positive-tone
resist) or unexposed (in a negative-tone resist) areas of the resist film. The etchant is usually an
organic solvent or an aqueous base (“wet” development, or dissolution) depending on the struc-
ture of the polymer, but as feature profiles become increasingly critical, an emphasis is being
placed on using plasmas as etchants (“dry” development) to achieve the necessary etching anisot-
ropy. Preparing films for dry development usually requires several extra processing steps. In most
three-component resists, an additional step of heating the wafer prior to development and after
exposure (a “post-exposure” bake) is necessary to drive the acid-catalyzed reaction.

As the complexity of photoresist materials increases, so must modelling capabilities. Current IC
process simulators such as SAMPLE have fairly good models for resist exposure (and post-expo-
sure bake if necessary), but dissolution models are mostly empirically-based. Quantitative under-
standing of resist dissolution mechanisms has (and still is) slow in forthcoming, but such an
understanding is precisely what is needed to support the overall optimization and design of resist
materials in the context of the complex trade-offs that must be made in developing advanced tech-
nologies.

The process of establishing mechanism-based models can be greatly accelerated through simula-
tion and the examination of materials with systematic variations in their synthesis. This paper pre-
sents some of each. After a brief discussion of current dissolution models, the results of
experiments on a series of analogous negative three-component resists in which the crosslinker
molecular structure was varied are presented, followed by a discussion of dissolution at a molecu-
lar level and the results of a preliminary simulation program. Some suggestions for future work
are included at the end. .

2.0 Dissolution Modelling Background

Several different types of models have been developed for photoresist exposure, post-exposure
bake (if necessary), and dissolution. In this section a brief discussion of current dissolution mod-
els is presented, and an atternpt is made to motivate the development of a molecular-level mecha-
nistic dissolution model.

2.1 Current models

Exposure is characterized by measuring the transmittance of a photoresist film (spun on a trans-
parent substrate) as it is exposed. The absorbance of the film decreases as the PAC absorbs energy,
a process known as “bleaching” which provides a convenient measure of the concentration of
exposed PAC in the resist. The ABC model devised by Dill? uses two differential equations to
give the PAC distribution as a function of depth into the resist for a given exposure dose. This
model requires three coefficients which are easily determined by the bleaching experiment.
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For chemically-amplified resists, post-exposure bake has the effect of driving a reaction between
the photoacid and the (acid-sensitive) material that causes a change in resist solubility. The most
widely-used model for this step of the process is based on two rate equations, one which describes
the reaction rate and the other which describes a rate of acid “loss”, which must be included to
stop the reaction.? These equations require two constants, which can be experimentally deter-
mined by monitoring certain infrared absorption peaks during the post-exposure bake (usually
accomplished with a Fourier-transform infrared (FTIR) spectroscopy tool), and also the concen-
tration of photoacid from the exposure model. Work is currently being done to determine how the
photoacid diffuses through the resist.*

While models for exposure and post-exposure bake are derived from physical principles and have
proven to be fairly accurate, dissolution is much more complicated. Several different models have
been suggested, but to date the only ones that give reasonable simulation results are empirical
curve-fits. Empirical data is often presented in the form of average dissolution rate vs. exposure
energy, as shown in figure 1. Data such as this can be obtained by subjecting a number of large-
area regions on a resist film to varying exposure doses, and then using laser interferometry to
monitor the thickness of the film in each zone as it dissolves.

0 The most basic dissolution models simply fit
/ (1 + (&, B)“ a curve to a set of data, such as that shown in
E, figure 1. This leads to an equation relating

s the average resist dissolution rate to the
exposure energy, ignoring all intermediate
reactions or process steps. Such models have
been developed for many positive and nega-
tive resists.> 6 Slightly more in-depth models
take dissolution rate vs. exposure dose data
and, along with the ABC exposure model,

back out a dissolution rate vs. exposed PAC
concentration curve.? 7-10

-

Avg. Dissolution Rate

Exposure Energy

Figure 1. Typical dissolution rate vs. exposure energy curve for negative

photoresists. The solid line is an example curve fit to the empirical data (the . . s
black dots). The curve-fit equation is used in simulator programs such as While these types of empmcal models are

SAMPLE to describe negative chemically-amplified resists.? l‘elatively ¢asy to implement and work for

specific photoresist systems that have been
well characterized, they have many drawbacks. First, they provide only an average bulk dissolu-
tion rate. Most resists exhibit some type of surface inhibition effect which causes a delay in the
resist response to developer chemicals,!® and contamination of the resist by basic airborne con-
taminants also has an effect on surface properties.!! Second, they don’t provide any information
about mechanical properties of the film, such as bridging'? and swelling!® in negative crosslinking
resists. Third, since no insight into the resist chemistry is provided, a new model is needed for
each material. In addition, the window of processing conditions over which these models are valid
is generally small. It is apparent that any model to be used in the design of new complex resists
must include much more information about the underlying mechanisms by which dissolution
occurs.

Dissolution Modelling Background 5



Some attempts have been made at modelling on a more molecular level. The most prominent
comes from the observation that in some resists, the dissolution rate is related to the molecular
weight (presumably the number-averaged weight) of the polymer by a relation such as the follow-
. oe14

ing:

B
Rate = —— 2.1
MW

where o and B are empirical constants. In order to use this expression for the average dissolution
rate, one must also have an expression for the relationship between the polymer average molecu-
lar weight before and after exposure (and post-exposure bake if necessary). This type of expres-
sion has been developed for the simplest one-component resists, and also exists for three-
component negative chemically-amplified resists.

In one-component positive resists, an exposure event causes a bond-breaking reaction to occur in
the polymer, decreasing the polymer average molecular weight. A simple statistical analysis
beginning with a random distribution of exposure events can be carried out to relate the pre- and
post-exposure average polymer molecular weights,!> !5 resulting in an expression such as

1 1[G
M, A72+[100NA]D 22

where M,, is the number-averaged molecular weight after irradiation, M,,O is before irradiation,
G{(s) is the number of chain scissions produced per 100 eV of absorbed energy, and D is the expo-
sure dose. A similar expression can be derived for one-component negative resists which form
crosslinking bonds upon exposure to increase the average molecular weight, but network poly-
mers formed by these reactions have very different properties than linear polymer solids with
comparable molecular weights. Thus this simple dissolution model may not be valid for crosslink-
ing materials. Chapter 4 contains more discussion on these types of model.

A more complicated extension of equation 2.1 was developed by Ferguson? to describe crosslink-
ing in a three-component negative chemically-amplified resist useful in ultraviolet lithography. In
three-component resists, crosslinking is viewed as a two-step process, the first step being activa-
tion of sites on the crosslinker molecule in an acid-catalyzed reaction, and the second step being
the bonding of these activated sites with nearby macromolecules to form crosslinks.

The first step is modelled by the post-exposure bake differential equations discussed previously,
relating the concentration of activated crosslinking sites to the concentration of photoacid pro-
duced during exposure, assuming the quantum efficiency of the acid-catalyzed reaction is known.
This leads to the following two equations describing the bake:

aC

—7 = ki CysCh | 23
2& = ~k,C 24
at 2¥A °

where Cyg is the normalized concentration of activated crosslinking sites, Cyg(=1-Cyg) is the
concentration of unactivated sites, C4 is the concentration of photoacid, k; and k, are Arrhenius

Dissolution Modelling Background 6



rate coefficients, and m is a model parameter.

The second step is modelled with a statistical analysis of the crosslinking, with each crosslinking
event combining two macromolecules to increase the average molecular weight of the system,
which is then used in equation 2.1 to give an average dissolution rate. The resulting equation is

o
Rate = Ry (1 - SE) 2.5
CO

where Ry is the background dissolution rate for unexposed regions and Cp and o are curve-fit
parameters. CE is the concentration of crosslinking events, with an event defined as when a
crosslinking molecule bonds with two different macromolecules. Ferguson postulated that the
number of crosslinking events is based on the number of crosslinker molecules that exist in the
resist and the number of sites on each molecule that are available for crosslinking. These statistics
are contained in the following two equations:

CE=n,Y (k-1)P® 2.6
k=2
P(k) = (’L’)Cﬁs(l—CAs) m =k 2.7

where n,, is the number of crosslinker molecules present, n; is the number of available crosslink-
ing sites per molecule, and P(k) is the probability of activating k of the n; sites.

This complicated model involves many parameters, not all of which have a physical meaning or
are easily acquired. It is clear that equations 2.5, 2.6, and 2.7, and hence the average dissolution
rate, are very sensitive to ng, the number of available crosslinking sites on each crosslinker mole-
cule. In chapter 3, several analogous resists with varying n; are examined to see if real materials
exhibit this sensitivity. It is also worth restating that the simple molecular-weight dissolution
model of equation 2.1 may not be valid for network polymers formed by crosslinking.

Molecular-weight models have much the same advantages and disadvantages as the empirical
curve-fit models. They still provide only an average bulk dissolution rate, and still require many
experimentally-determined parameters. A further extension of equation 2.1 was developed by
Scheckler, et. al,'® to apply it on a microscopic level to individual macromolecules. In this
approach, each macromolecule is represented by a sphere whose size is determined by the mole-
cule’s mass and calculated radius of gyration.!” The packing of several spheres in a three-dimen-
sional matrix is governed by the measured polymer density. Chain scission and crosslinking cause
the cutting of one sphere into two smaller spheres or the combination of two spheres into one
larger sphere, respectively. The probability that a given sphere will dissolve is proportional to the
amount of surface area of that sphere exposed to developer, and inversely proportional to the size
of the sphere. A computer keeps track of the location and size of each sphere, and an algorithm is
then used to simulate the removal of spheres. This in effect is nearly identical to equation 2.1,
with the important exception that it provides information about the resist surface as dissolution
proceeds, giving a measure of the expected surface roughness of partially-developed films. How-
ever, it is not known whether a sphere is an adequate description of the macromolecular shape.
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A general advantage of the molecular-weight models is that they are more physically based, and
can theoretically be applied to many resist systems if valid. Of course, they only potentially apply
to photoresists that undergo changes in molecular weight to differentiate between exposed and
unexposed regions. Two- and three-component positive resists (and some negative resists as well)
do not use molecular weight changes to achieve developer selectivity, and thus a completely dif-
ferent approach must be taken.

2.2 Is molecular-level modelling necessary?

As IC feature sizes shrink below 0.1-um, new photoresist concerns arise. Issues such as surface
roughness become increasingly important. In addition, lithography tools employ higher-frequency
radiation to push the diffraction limit, and new resist materials must be developed that perform at
these frequencies. Resists in current use are also continually being improved. Design of new pho-
toresists, which is still very much an “ad-hoc” process, must be made more scientific. An integral
part of design is accurate mechanistic models which can simulate a hypothetical material’s perfor-
mance.

Until recently, the roughness of photoresist film surfaces has been so small that it didn’t affect the
integrity of features. But roughness magnitude has the potential to become a significant fraction of
the feature size,'® leading to degraded feature quality and more error in critical circuit perfor-
mance predictions. Traditionally, surface roughness has been described in terms of shot noise,
attributing “bumps” and “valleys” on a resist feature’s surface to statistical fluctuations in expo-
sure.!2! Little agreement has been reached regarding how to characterize shot noise and what
limits it imposes on the ultimate resolution of a lithography system.

As the calculated “shot noise limit” is continually surpassed, it appears that the magnitude of sur-
face roughness in some resists is approaching molecular size.?% 23 Thus the roughness may actu-
ally be due to a combination of shot noise and the finite macromolecular size. Some attempts have
been made to relate roughness to properties of the resist polymer backbone.!6 24 Results of this
work show that polymer backbone “stiffness”, average molecular weight, and polydispersity all
affect the magnitude of observed roughness. A polymer molecule with less freedom to rearrange
its conformation due to steric hindrances along its backbone leads to a rigid resist that exhibits
large roughness. Lower molecular weight polymers exhibit small roughness, as do polymers with
‘small polydispersity.

At this point it seems clear that better photoresist dissolution modelling techniques are necessary.
Existing models are not generally applicable and have limited use in the design of new materials.
Mechanistic models will hopefully excel in these areas. But in order to develop a mechanistic
model, the underlying physics and chemistry must be understood. For that, it is necessary to
examine photoresist dissolution on a molecular level. Once the molecular science is better under-
stood, a macroscopic theory can be developed based on this science with direct application to
mechanism-based models. This is no small task! The physics and chemistry of interactions
between amorphous macromolecular solids and liquid solvents appears incredibly complicated.
The following chapters describe some first steps that are being taken to get a handle on this very
difficult problem.
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3.0 Crosslinker Studies

The process of establishing mechanism-based models can be greatly accelerated through the
examination of materials with systematic variations in their synthesis. This section presents the
results of basic dissolution and imaging performance studies of a series of analogous resists with
varying crosslinker molecular structure. The results are compared to those of Shipley SNR248,%° a
commercially available resist with similar structure. Ferguson’s dissolution model,? discussed in
chapter 2, is applied to test its validity.

3.1 Materials

Four experimental photoresists were supplied by Dr. J. M. J. Fréchet’s resist synthesis group at
Cornell University. These resists, called ML93,26 ML239, ML240, and ML241,%7 consist of the
crosslinker, poly(4-hydroxystyrene) (PHOST) polymer, and an onium salt PAG. Figure 2
describes the resist chemical composition, and also shows the structure of the crosslinking mole-
cule in each of the resists.

HO

From figure 2 it can be seen that three of the HO
resist crosslinkers (ML93, ML240, and ML241)  HO
have two sites available for PHOST crosslink-
ing. These two sites are the benzylic hydroxyls
of each crosslinker molecule. The two phenolic
hydroxyls of ML93 and the single phenolic
group of ML240 are incorporated to enhance the
solubility of the resist formulation in an aqueous
base and do not participate directly in the
crosslinking process. The fourth crosslinker,
ML239, has four benzylic hydroxyls available
for crosslinking as well as two solubilizing phe-
nolic hydroxyls. Comparing the dissolution
characteristics of these four resists should pro-
vide some insight into which properties of the
crosslinker might play a role in the shape of the
dissolution rate function and the resulting resist Composition:

profiles, as well as being an excellent test of the crosslinker 0.9 wt.%
Ferguson model. onium salt 0.4 wt.%

poly(4-hydroxystyrene)  19.6 wt.%
diglyme 79.1 wt.%

ML241 “OH

Experiments to evaluate the performance of

these resists used Ship]ey SNR248 as a compari- Figure 2. Structure of the crosslin_king molectﬂe in ML93, ML2;49.
son. SNR248 is known to be a production-wor- ﬁ:ﬂ;ﬁfgggﬁéﬁg‘:ﬂ:; gomposition of &l four resists
thy chemically-amplified resist, and thus shown.

provides a reasonable benchmark with which to

measure new negative resist materials. The crosslinker in SNR248 is a melamine with six reactive
hydroxymethyl groups, all theoretically available for crosslinking.?> The polymer of SNR248 is

also PHOST.
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3.2 Experimental

All five resist materials were processed in the same way to facilitate comparison of results. Prior
to application of the photoresist, all silicon substrates were baked for several hours in a 120°C
oven and primed in a hexamethyldisilizane (HMDS) bubbler for 10 minutes to maximize adhe-
sion. One-pum-thick photoresist films were applied onto the substrates using a spin speed of 4000
rpm and a spin time of 30 seconds. A pre-exposure bake at 110°C for 90 seconds was performed
immediately following the spin, after which the film thickness was measured at several points on
the wafer surface using a Nanospec/DUV microspectrophotometer.

Large-area exposures were carried out on a system developed at UC Berkeley that uses a com-
puter-controlled stage to step the wafer through a series of up to 15 different exposure doses, cre-
ating a matrix of exposure zones on the wafer surface for subsequent dissolution measurements.
The illumination source was a Cymer KrF excimer laser with an output wavelength of 248 nm. A
post-exposure bake at 110°C for 90 seconds was performed on a hotplate immediately following
the exposure to reduce possible contamination effects.

Dissolution measurements were made in a tank of recirculated developer with a Perkin-Elmer
development-rate monitor (DRM) that measures resist thickness by interferometry. In this way
thickness vs. development time data was obtained for the entire matrix of exposure doses. The
developer used was 0.18 N tetramethyl ammo-

ves Thickoass v Tise ‘*»  nium hydroxide (TMAH), achieved by mixing"

Averoge Initicl Thicknees i1s .93 um €1 Te

- as - 2:1 HyO:Shipley MF312 aqueous developer for

a.2

N 2= - SNR248 and 1:4 H,O:Shipley MF321 aqueous
g{\\\}\\@\\'\\‘i\z\~ e e developer for the four ML resists. MF321 was
TN 2= ms used to remain consistent with preliminary work

\
il\“}\\\ \\\\\\\\ \\\~\\\ Ztr—'; 52 done by Fréchet’s group at Cornell.

NN NN N N T, TR R
MY NN . . % = Figure 3 contains data printed directly from the
] i ‘\ . ;\ A m\‘ \; . :‘" - DRM with resist thickness vs. development time
@ Saconds for SNR248 [figure 3(a)] and ML93 [figure
3(b)]. Note the very quick transition of ML93
24 from a very high (unexposed) development rate
to the lower (exposed) development rate, as
compared to the much smoother transition
exhibited by SNR248. Also note what appears to
be missing data for ML93 at intermediate expo-
sure doses, which is due to nonuniform dissolu-
\ _ tion at these doses, resulting in a noisy
Y interferometric signal and loss of thickness

information.

Thickrese (um)

N,
~_

vas Thickewss v Tiae
’ Avaroge Initiel Thicknees 1s 072

shssuBEr
s

EBIE, ..

Thiclrees Gm>

o Socande

Figure 3. DRM plots of resist thickness remaining vs. development From the data of figure 3, a graph, such as the

time for (a) Shipley SNR248 and (b) ML93. Data are for a matrix of : ing _
exposure doses whose values are printed along the right side of the one in ﬁgure 4(3), containing the average devel

plots. The top line in each plot comesponds to the dose at which 80% Opment rate at each exposure dose for both
of initial film thickness remains after 60 seconds. resists can be derived. This chart shows that
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ML93 appears to be from 20 to 50 times more sensitive than SNR248, needing less than 1 mJ/cm?
to achieve sufficient crosslinking to inhibit dissolution. It is important to mention at this point
that, although actual crosslinking was not directly measured in this study, it has been shown else-
where that true crosslinking does indeed occur at these low exposure doses.?’ The high sensitivity
of ML93 is probably due at least in part to the fact that it contains an onium salt PAG.

The data in figure 4(a) is often displayed in a dif-
ferent format, with the resist thickness remaining '
at a given development time vs. exposure energy
[figure 4(b)]. In order to compare ML93 and
SNR248 in this format, a development time
equal to 1.5 times the time to clear for unex-
posed regions was chosen for each resist. This
formula leads to a development time of 18 sec-
onds for SNR248 and 75 seconds for ML93.
From figure 4 the contrast (y) of each resist can
be approximated. These results indicate that the
Yy of ML.93 is roughly 2.6, while that of SNR248
is 1.4.

Avg. Dev. Rate (Angstoms/sec)

O
2
&
8
g
2]
g
g
-~
g
3,
A d

ML93 SNR248

1226 NA = 1-4\
Using the same process, thickness remaining vs.
exposure energy curves similar to figure 4(b)
were obtained comparing ML93, ML239,
ML240, and ML241. These curves are plotted in ok H
figure 5. Upon comparing the dissolution curves ®) Exposure Energy (mJ/cm?)
for ML93 in ﬁgures 4(b) and 5, the careful Figure 4. (a) Average development rate vs. exposure dose for ML93
observer may note that they appear somewhat and SNR248, derived from figure 3. (b) Thickness remaining vs. expo-
different. Some experimental reproducil?ﬂity ;";;rg:f:m*‘;‘i’ alﬁs s::‘;“:fe :;ggn:ftiw;ﬁ:“ SNR248.
problems have been encountered, most likely
due to a combination of factors including the imaging quality of the exposure systems used and
suspected airborne basic contamination in the microlab.!!

Thickness Remaining (itm)

100

One interesting aspect of figure 5 observed on all runs of the same experiment is that the ML239
resist appears to be about half as sensitive as ML93, ML240, and ML241. Recall that ML239 has
four available crosslinking sites, while the other resists have two available sites. This lends further
evidence to the idea that a greater number of available crosslinking sites on the crosslinker mole-
cule does not increase the sensitivity of the photoresist. It has been suggested that more than two
sites simply results in useless extra bonds to the same macromolecules since the bonds must be
localized to the crosslinker molecule.?® Thus once two PHOST molecules are crosslinked through
two activated sites on a crosslinker molecule, activation of more sites would simply cause redun-
dant crosslinking between the same two PHOST molecules. This leads to a decrease in sensitivity
since more photoacid is required to achieve enough useful crosslinks to render the photoresist
insoluble. Logically, since ML239 has twice the number of available crosslinking sites on each
crosslinker molecule, it requires twice as much photoacid (and hence twice as much exposure) to
achieve the same number of useful crosslinks as the other three ML resists.
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12 Another interesting aspect of figure 5, also
observed on all runs of the same experiment, is
that the dissolution rate characteristics of ML93,
ML240, and ML241 are very similar. These
three resists all have two sites per crosslinker
molecule, but ML93 has two additional phenolic
hydroxyls and ML240 has one additional phe-
nolic hydroxyl. These extra phenolic groups
; were included to enhance the solubility of the
o —— - i resist in aqueous base, but they appear to have
Exposure Energy (ml/em’) no effect. This suggests that the structure of the

Figure 5. Thickness remaining vs. exposure dose for ML93, ML239, crosslinker molecule has very little effect on the
ML240, and ML241, in the same format as figure 4(b). dissolution process

Thickness Remaining (im)

To assess the resolution performance of these resists, wafers were processed and examined on a
scanning electron microscope (SEM). Wafer priming, resist application, and pre-exposure bake
were all done using the same steps as previously outlined. Exposure was done using the Berkeley
deep-UV microstepper,? a projection system with NA=0.6 and 6=0.5 at an exposure wavelength
of 248 nm. The mask consisted of several line/space patterns of feature sizes ranging from 0.1 to

2 um.

A matrix of different exposure doses and focal lengths was made using the deep-UV microstep-
per. Immediately following exposure, a post-exposure bake of 110°C for 90 seconds was done on
a hotplate. Wafers were developed in the same developer tank as that used for the DRM, again
using 0.18 N TMAH developer. The development time was chosen by visually observing the
wafer surface as dissolution proceeded, and removing the wafers shortly after all resist was devel-
oped from the unexposed regions. Optical inspection of the line/space patterns dictated where to
cleave the wafer to obtain the best SEM profile. The samples were coated with 10 nm of gold and
examined in a Cwikscan SEM in the Berkeley microlab.

Four ML93 profile cross sections from the SEM are presented in figure 6. First, typical 1.0-um
[figure 6(a)] and 0.5-um [figure 6(b)] line/space patterns are shown. While these profiles exhibit
severe rounding of the corners and some bridging, they are reasonable results for a “first-pass”
experiment with very little process refinement. It is speculated that the bridging seen at the base of
the 0.5-um lines may be a result of partially crosslinked PHOST molecules collapsing after
uncrosslinked molecules are removed during development. The imaging quality of the microstep-
per is also in question,?® which might help to explain why crosslinking occurs in the dark regions
where no light is supposed to illuminate the resist. Figures 6(c) and 6(d) show two SEM cross sec-
tions of 0.4-um features. While the lines and spaces seemed to print reasonably well, an adhesion
problem was observed in that several lines either partially or completely lifted off. This is particu-
larly well illustrated in figure 6(c). The profiles of figure 6 were exposed with 1.4 mJ/cm*, which
corresponds to over-exposure in the plots of figure 4(a) and 4(b). However, at lower exposure
doses, linewidths smaller than 0.5 um were, in general, completely lifted off. The source of this
adhesion problem is unclear, but it might be due in part to the nonuniform dissolution properties
discussed earlier.

Crosslinker Studies 12
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Figure 6. Scanning electron microscope (SEM) profiles of cross sections of ML93 resist: (a) 1.0-um line/space pattern, (b) 0.5-um
line/space pattern, (c) 0.4-pm line/space pattern, and (d) 0.4-pum space between 1.5-pm lines.

3.3 Simulation

To test the validity of current resist models, an attempt was made to apply Ferguson’s dissolution
model for negative chemically-amplified resists® (described in section 2.1, equations 2.3-2.7) to
the four experimental photoresists from Fréchet. Figure 7 contains an eyeball curve fit to empiri-
cal dissolution data for ML93. A reasonably good fit was made to the “knee” portion of the data.
The significance of the “tail” of the empirical ML93 curve is not well understood, and is not
included in any of the model equations. It is most likely due to experimental error in the data,
since film thickness loss at such small dissolution rates is difficult to measure, and is insignificant
anyway. The model parameters obtained from the curve fit were then used in SAMPLE, generat-
ing the profiles shown in figure 8. The most noticeable difference between the simulated profiles
and the SEM cross sections of figure 6 is the rounded corners that are missing from the simula-
tion. This might be due to contamination in the top of the resist film, as mentioned before, and
also to the image quality of the Berkeley deep-UV microstepper. In addition, dissolution phenom-
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Figure 7. Curve fit of the kinetic model equations to empirical data for
ML93. The parameters used in the curve fit are: Dill parameters: A=
0068 pm!, B-l .08 pm™!, C=0.1 cm*mJ; Bake parameters: k;=1000
sec’l, k;=5 sec’!, m=1.5; Dissolution parameters: Ry=0.0153 pm/sec,
Cp=4.8, a=25, n,,,-S, n=2.

ena which occur at sharp curvature sites not cur-

i rently included in SAMPLE may also need to be

considered.

1 To model ML239, which has four available

crosslinking sites, the model parameter n; was

{ changed from two to four. It was hoped that little

adjustment to other parameters would be neces-

] sary to achieve a similar curve fit to empirical

ML239 data, but this was not the case. Eventu-
ally, a curve similar to figure 7 was achieved for
ML239, but at the expense of greatly varying the
bake reaction-rate coefficients to such a degree
that they may not make physical sense. The
ML239 fit required k;/ky=1.5 and m=1.07, com-
pared with k;/k;=200 and m=5 for the ML93 fit.
This is extremely suspicious, and illustrates a

basic drawback of Ferguson’s model, which is its high sensitivity to n,. As pointed out in the pre-
vious section, simply adding more available crosslinking sites to the crosslinker molecule does
not increase the amount of useful crosslinking events that actually occur.

3.4 Conclusions

Several important points arise from this study of
the effects of crosslinker structure on dissolution
of negative chemically-amplified photoresists.
First and foremost, the need for improved mod-
elling techniques is evident. The model used in
this study is based on the relationship between
polymer average molecular weight and dissolu-
tion rate described by equation 2.1, and its statis-
tical description of crosslinking is very sensitive
to ng, the number of available crosslinking sites
on each crosslinker molecule. The results of
experiments carried out on the four experimental
resists from Fréchet suggest a very different

dependence on ng, which could be implemented 3

by modifying equations 2.6 and 2.7. However,
more important is the assumption that equation
2.1 is valid for crosslinking materials. Network
polymers exhibit very different characteristics
than solids of linear-chain polymers, such as
very (sometimes infinitely) high melting points
and swelling in compatible solvents,!” suggest-
ing that dissolution occurs by fundamentally dif-
ferent mechanisms which need to be understood
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Figure 8. Profile cross sections generated by SAMPLE using the ML93
parameters from Fig. 6. Profile (a) is a 0.5-pum line/space pattern, and
profile (b) is a 0.4-um space between two 1.5-pum lines, for comparison
with Figs. 5(b) and 5(d).
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before a valid model can be developed.

It has been suggested that a better way to approach dissolution of crosslinking resists is with gela-
tion theory.3! A “gel” is defined as a non-dissolvable network polymer, and the “gel point” is
defined as the threshold amount of crosslinking necessary to form a gel, or to render the polymer
insoluble. Some simple gel point calculations for ML93 are presented in appendix A to determine
how many crosslinking events must occur before the resist is fully exposed and to give an idea of
how efficient the crosslinking process is. However, this type of theory does not describe how non-
gel portions of the network dissolve, nor does it quantify the swelling observed when liquid dif-
fuses into a gel.

It seems clear that the molecular structure of the crosslinker has very little effect on the average
bulk dissolution characteristics of these resists. The next chapter presents a shift in focus from
examining crosslinker structure to examining the effect of the base polymer structure on dissolu-
tion.

4.0 Polymer Dissolution Studies

The interaction of liquids with amorphous polymer solids is very complex. The physics of poly-
mer dissolution is an area of active research in many research centers, and some progress has been
made. Since resists with phenolic polymers (such as novolac and poly-hydroxystyrene) are cur-
rently the most heavily-used in industry, the first section of this chapter focuses on dissolution
studies of these materials. The second section presents some molecular-level simulation ideas,
and a simple chain-scission simulation program is applied to poly(methyl methacrylate) to show
how simulation can be used to learn more about fundamental dissolution mechanisms.

4.1 Amphiphilic systems

Amphiphilic materials are those which display both hydrophilic (“water-loving™) and hydropho-
bic (“water-avoiding”) characteristics. Phenol molecules are a good example. Most IC lithogra-
phy systems today employ photoresists with novolac base polymer. Novolac macromolecules are
basically strings of phenol molecules. Poly(4-hydroxystyrene) is also phenolic. Figure 9 shows
the structure of a phenol molecule. The polarity of the

hydroxyl group makes it hydrophilic, and the rest of the mole-

OH cule (the benzene ring) is non-polar and thus hydrophobic.

OH The basic dissolution mechanism of single phenol molecules
H in aqueous developer is outlined in figure 10. A solid chunk of
phenol molecules placed in aqueous developer will dissolve

by deprotonation of the hydroxyl.! First the developer mole-
cule ROH dissociates in water to form ions R* (a cation radi-

cal, like K* or TMAY) and OH" (hydroxide ion). Second, the
hydroxide takes a proton from the phenolic hydroxyl, leaving

an extra electron with the deprotonated site (O°). (The phenol molecule is now called a pheno-
late.) This extra charge is then compensated by the nearby cation R*. At this point the phenol mol-
ecule is “dissolved”. It is evident that the hydroxy! group is where all reactions take place and the

Figure 9. Structure of phenol molecules.
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rest of the phenol molecule is unreactive. If a non- Re OH.
polar organic solvent is used instead of aqueous
solvent, the opposite occurs - i.e. dissolution reac- J
tions take place on the benzene and the hydroxyl is

unreactive. However, the advantage of using aque-
ous solvents is that they are much cleaner and
safer, so the discussion here will be restricted to R+

phenol dissolution in polar solvents. Undissolved HOH
Phenol

This seemingly simple picture of phenol dissolu-

tion becomes very complicated for phenolic mac-

romolecules. Since all dissolution reactions

involve the hydroxyl, it is logical that the way in

which the hydroxyl groups are oriented in a poly- o Phenolate
mer solid is important in determining the dissolu- . R+

tion characteristics of the polymer. Several factors <™

need to be considered, including the connectivity,

conformations, and molecular weight distribution

of the polymer molecules, the way in which the Dissolved

developer ions diffuse through the polymer solid, Phenolate

and the type of radical used as the developer cat-
ion.

Figure 10. The three-step dissolution mechanism of phenol.

The most complete theory today to describe how developer ions move through an amphiphilic
polymer matrix is percolation.’ This theory suggests that developer base (hydroxide) ions depro-
tonate surface phenolic hydroxyl groups, leaving phenolate ions and loosely-bound developer cat-
ions. Base molecules then percolate along a path of available phenolate ions into the polymer
solid. Each time an unreacted phenol is encountered, there is an energy barrier that must be over-
come in order for deprotonation to occur, thus providing another phenolate ion for percolation to
proceed. Electrostatic calculations of the interaction of a free ion (the developer base) with a
dipole (the phenolic hydroxyl) can be carried out to give the energy barrier. The probability that
developer will transfer between two sites separated by an energy barrier E is approximately given
by a Boltzmann factor, exp(-E/RT).

In order to apply percolation theory, one must know the spatial arrangement of the OH groups in
the polymer solid. This is an area of much debate, and will be discussed shortly. Currently, perco-
lation theory has been applied to a 3D matrix containing the appropriate concentration of hydrox-
yls placed at random. A 2D example is shown in figure 11. The result is a scaling law of the form

R=B(p-p,)? 4.1

where R is the dissolution rate, p is the fraction of phenolic hydroxyl groups in the matrix, p, is
the percolation threshold (the value of p above which dissolution occurs), and B is a constant
related to the dissolution rate of some reference polymer. The reference polymer used was poly(4-
hydroxystyrene) because it is the fastest dissolving phenolic polymer. Dissolution experiments on
a series of novolacs with NaOH aqueous developer were carried out to test equation 4.1. The
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value of p was varied by methylating a known fraction of the OH groups in several different
novolac samples.

The results of this work appear to uphold equa-

(_ Aqueous Developer tion 4.1 very well. Further work has been done
‘ { * to introduce the effects of diazonaphthoquinone
Resist Surface 7 NI . (DNQ) inhibitors into the 3D percolation matrix.
EONEONOOND o[ [e[e[es| T® It is believed that DNQ works to inhibit dissolu-
LI e sl T s~ tion of a novolac polymer by attracting nearby
Lttt et e phenolic OH groups so that they become
. o[ To ol fo[TTe . ,.Jemoved from the developer base percolation
SR T e sl s~  paths. Upon exposure, the DNQ is transformed
et e E o into an indenecarboxylic acid that no longer
0 o] Jole ol 1o ol T1el o binds the OH groups, thus releasing them to a
ole oo o (] ojo -] o .

0 . sl lolo o Io percolation path and rendering the novolac base-
St e soluble.!? To apply percolation to this problem,
—OH : the previous 3D random matrix is modified by

o= group (phenolic) . A .
@ = deprotonated OH group (phenolate) randomly placing DNQ molecules in the matrix,

and then adjusting the position of nearby

Figure 11. Example 2D percolation field. Developer base has perco- hydroxyls to account for the attractive force of

lated as far as possible, and the remaining phenolic hydroxyls are inac-

cessible due to their separation from nearest neighbors. the DNQ, a 2D version of which is shown in ﬁg-
ure 12.33

Aqueous Developer While the percolation theory of Reiser was
. (— { * * \ applied with good results to dissolution in NaO-
Resist Su:-face il % . H ) of polymers with regular, linear structure,
= e ol Tele[e[e[ o it has been shown that equation 4.1 does not fit
SO 30 I well to other novolac structures (such as ortho,o-
s a—di’l_, T+ mpia — rtho’-coupled novolacs) dissolved in aqueous
oo IR 1 JeL el L |, developers with different cations.* In particular,
CENCONNNNDE OESESOEED tetramethyl ammonium hydroxide (TMAH)
o ° ° o o[~  developer produces very different results. There
= = ATt o ﬂ-,ta- are several possible explanations that suggest
JRELO oo o" 2= modification of the basic percolation scaling law,
ol o] | ° o ° but first a general discussion of novolac polymer

o = OH group (phenolic) structure is necessary.

o = deprotonated OH group (phenolate)

@ = DNQ (dissolution inhibitor) The convention o[rtho], plara]l, or ml[eta]

Figure 12. Example 2D percolation field in the presence on DNQ dis- describes the relative position of two substitu-
solution inhibitor molecules. Note that the phenolic hydroxyls tend to . .

cluster around the DNQ molecule, thereby inhibiting percolative diffa- NS Of an aromatic ring, as illustrated by figure
sion of developer base. 13. Thus an ortho,ortho’-coupled novolac is a

polymer formed by connecting phenol mono-

mers in an “ortho,ortho’” configuration with respect to the OH group [shown in figure 14(a)]. It is
important to note that novolacs always have aromatic rings in the polymer backbone. In the case
of poly(4-hydroxystyrene), shown in figure 14(b), the polymer backbone is carbon, and the aro-
matic rings are contained in the side groups.
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molecular conformations based on the proximity of

R The type of connectivity of novolac monomers greatly
R’ affects the conformational shape of the resulting mac-
romolecules. Molecular mechanics simulations show
that different types of novolacs exhibit different
R’

nearest-neighbor hydroxyl groups.>® Since an OH

ortho meta para

Figure 13. Convention in describing the relative position of
two substituents of an aromatic ring.

group is polar, it is attracted to nearby OH groups by
hydrogen bonding, tending to pull them close if possi-
ble. Thus if several hydroxyl groups on a particular

macromolecule are in close proximity, they will be
attracted to each other (intramolecular hydrogen bonds) and cause the molecule to “curl up”. The
extreme case for intramolecular hydrogen bonding is ortho,ortho’-coupled novolac, shown in fig-
ure 14(a). Conversely, if a given OH group’s nearest neighbor hydroxyls belong to different mac-
romolecules, intermolecular bonding will be favored and the molecules will tend to “stretch out”.
The extreme case for intermolecular bonding is polyhydroxystyrene [figure 14(b)].

In addition, the rigidity of the backbone and
steric hindrances of large side groups also play
important roles in determining molecular
shape.* Often hydrogen bonding and bond-
angle stretching are opposing forces (as with ort-
ho,ortho’-coupled novolac - the aromatic ring in
the backbone makes the macromolecule very
rigid, but hydrogen bonds put stress on the mac-
romolecule to curl up), making it difficult to
determine the conformation of lowest energy.

These concerns regarding the shape of the
novolac molecules help determine the spatial
distribution of OH groups in a percolation field.
Polymers with a high degree of intermolecular
hydrogen bonding (such as PHOST and ortho,-

para’-coupled novolac) most likely give a nearly

randomly-oriented percolation field, providing
many percolation paths and dissolving quickly.
But polymers with more intramolecular bonding
(such as ortho,ortho’-coupled novolac) probably
exhibit a more “clustered” percolation field, with
many isolated groups of hydroxyls. These iso-
lated groups would greatly decrease the number
of percolation paths available to developer base,
and thus the overall dissolution rate of these
polymers would be much slower. This is indeed
the case.

81 5

ortho, ortho’-coupled novolac

®)

Cixcn 2

H /n D

Figure 14. Structure and molecular mechanics simulation of (a) ort-
ho,ortho’-coupled novolac and (b) poly(4-hydroxystyrene). Note the
“spiral” shape of PHOST compared with the “cluster” of the novolac
hydroxyls.®
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Other factors that place the scaling law of equation 4.1 in question are the effects of the size of the
developer cation and the possible existence of diffusion modes other than percolation. Once an
OH group is deprotonated, there is an extra electron that can move about for some amount of time
before the developer cation can move in and bind it. Taking a closer look [figure 15], it seems rea-
sonable that if several hydroxyl groups are in close proximity and one of the sites is deprotonated,
the liberated electron could become delocalized and move from one hydroxyl site to another.36
The presence of this extra charge repelling
developer base ions would make subsequent
deprotonations much more difficult (by greatly
increasing the energy barrier for percolative site
transfer).

The degree to which this can happen is based on
at least two factors: first, the distance between
OH groups, determined by the novolac confor-
mational structure, and second, the ability of the
developer cation to quickly neutralize the free
charge. The second factor presumably depends
on the physical size of the cation, its electroneg-
ativity, and the amount of space available for the
cation to move about in. Thus a large cation like
TMA* would not be able to move around as
freely as a smaller cation like K* or Na*, result-
ing in much looser binding of the extra electron,
in turn making deprotonation more difficult and
slowing dissolution.

Developer diffusion modes other than percola-

(.= Hydrogen Bonds)  tion may also exist in phenolic polymers.34 Any

Figure 15. Illustration of electron delocalization in a cluster of hydro- free volume would allow very fast penetration of

gen-bonded phenolic hydroxyl groups.*® solvent. Indeed, it has been suggested that the

dissolution acceleration properties of exposed

DNQ inhibitor molecules (which have been transformed into indenecarboxylic acids) are a result

of the photolytic evolution of nitrogen during the exposure reaction, which causes an increase in
free volume in the resist.!?

Thus it is clear that the general percolation scaling law (equation 4.1) does not include all poten-
tial dissolution phenomena, and may have to be modified in some circumstances where these
other phenomena are important. Reiser’s experiments used novolacs whose phenolic hydroxyl
groups participate mainly in intermolecular hydrogen bonding, leading to a nearly random spatial
distribution. They also used NaOH,q) developer, which has a small cation that can better localize
the phenolate negative charge to facﬂitate deprotonation of nearby hydroxyl groups. Experiments
with other resists using TMAH,q) developer support the percolation law, but with an exponent
other than two.3*

To date, percolation has been applied only to a matrix of hydroxyl sites oriented at random in
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space. No information about their connectivity has been implemented, and there is mounting evi-
dence that the polymer molecular weight distribution also plays an important role in determining
the dissolution characteristics of photoresists. The next section examines some possible effects of
molecular weight distributions, and presents the results of a simple chain-scission simulation pro-
gram that raise some interesting questions about the weight distribution of one-component posi-
tive resists before and after exposure.

4.2 Molecular weight simulations

With percolation theory making progress in describing how developer base diffuses into an
amphiphilic polymer, there are many questions regarding how polymer molecular weight distribu-
tion affects the removal of sufficiently deprotonated polymer chains. More generally, the relation-
ship between the distribution of macromolecular sizes in any organic resist film and its dissolution
characteristics has yet to be fully determined. The molecular weight models based on equation 2.1
relate dissolution rate to average molecular weight, but there is evidence that dissolution is also
dependent on the distribution of molecular weight. It has been suggested that polymers with small
polydispersity follow equation 2.1, but those with larger polydispersity dissolve at a rate dictated
by the lower molecular-weight portions of the polymer.3” One possible explanation for this behav-
ior is the “stone wall” model (illustrated in
figure 16), suggesting that while larger mole-
cules take more time to dissolve, the pres-
ence of many small, quickly developing
molecules may open up free volume around
the larger molecules to enhance their dissolu-
tion.8 '

developer

Experimental work is currently being done
to clarify the many uncertainties about how
macromolecular size distribution influences  Polydisperse polymer

dissolution.3” 3% Simulation can also be used Figure 16. Itustration of the “stone wall” model of dissolution of a polydis-
as a tool for discerning some of these uncer- f:;‘;::lﬂzw;’;ﬁz]x:‘;’:f:::x ‘t';f:g:;]‘;i;fﬁgdf:fc::;
tainties. Any molecular-level photoresist dis- away high molecular weight molecules, resulting in a much higher dissolu-
solution simulator must certainly contain tion rate than predicted by the average molecular weight of the polymer.
information about the molecular weight distribution of the base polymer. To this end, a simple
simulation program for one-component chain-scission photoresists has been written that reads a
user-defined distribution of polymerization and performs a given number of chain-scission events.
The program outputs the resulting polymerization distribution.

Photo-initiated bond breaking is the mechanism by which one-component resists become soluble.
Thus the simulation program keeps track of monomer-monomer bonds. Each macromolecule to
be simulated is assigned a reference number. The program maintains a linked list data structure
with each node representing a bond and containing the reference to the macromolecule it belongs
to. For each scission event, a bond is chosen at random and the corresponding node is removed
from the linked list. A new macromolecule is added by updating the reference number of all nodes
following the removed node belonging to the molecule that was cut. Thus for each scission, the
number of nodes (or monomer-monomer bonds) decreases by one, and the number of macromol-
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ecules in the system increases by one.

The bond linked list is created from an input file containing the distribution of polymerization as
defined by the user. Specifically, each line in the file represents one macromolecule, and the num-
ber given is the degree of polymerization of that molecule. The simulation program reads this file
as follows: the number d; from the first line is scanned. Since d; is the number of monomers com-
prising the first macromolecule, the number of bonds is simply d;-1. Thus d;-1 nodes are added to
the (initially empty) linked list. Each node is given a reference number 1, corresponding to the
first macromolecule input. Then the number d; is read from the second line, and d,-1 nodes are
added to the list with each node assigned reference number 2, and so forth.

Once the bond list is completed, the user is prompted for the number of scission events to occur.
After performing the required action, the resulting linked list is written to an output file in the
reverse of the input steps, leaving a table of the number of macromolecules that have each degree
of polymerization. The C program code is provided in appendix B.

As an example, electron-beam exposure of a 5o e vy yerery
poly(methyl methacrylate), or PMMA, was
simulated. The number-averaged molecular
weight of PMMA is typically 600000, which
is equal to degree of polymerization of 6000
(the molecular weight of methyl methacry-
late is 100 grams/mol). Typical exposure
doses needed to significantly increase the
solubility of PMMA are around 75 pC/cm?
at 20 keV, which corresponds to about
1.2x10?2 eV/cm3 of energy deposited in the
resist. The scission efficiency (called G(s) in o o . .
literature!?) is 0.013 scissions/eV. Straight- o 10 100 1e+03 le+04
forward algebraic calculations (using the @ Degree of Polymerization
density of PMMA, which is p=1.275 grams/ 100
cm3) show that at this dose, about two per-
cent of the bonds available for scission are
actually cut.

-

Exposed

Unexposed

N
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o
TYTYTTYTYTY
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Number of Molecules
o

—
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Exposed

Thirty molecules with degree of polymeriza-
tion of 6000 were given as input to the simu-
lation program, resulting in a linked list of Unexposed
5999x30 = 180000 bonds. Scission of two \
percent of these bonds means 3600 scission

events must be simulated. Figure 17(a)

shows the polymerization distribution after

half of this exposure (1800 scission events), o T =100 T
and results of the full dose are shown in fig- ® Degree of Polymerization

qre 17(b) To convert degree of pOIYmeriza' Figure 17. Chain scission simulation results of PMMA after (a) half expo-
tion into molecular weight, one needs only to  sure and () full exposure.

Number of Molecules
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multiply by the molar mass of a PMMA monomer (which is 100 grams/mol).

It is clear from figure 17 that the average molecular weight quickly decreases during exposure.
This simple program does not actually predict the dissolution characteristics of the resulting poly-
mer mass distribution, but results such as this can be used in conjunction with experiment to get
an idea of how dissolution proceeds on a molecular level. For instance, these simulations show
that a very narrowly-polydisperse sample undergoing chain scission rapidly breaks up into a sam-
ple with a very wide distribution of polymerization. In order to achieve sufficiently high dissolu-
tion rates to be considered fully exposed, it is apparent from figure 17(b) that the PMMA sample
consists mostly of small molecules, with very few of them containing over 100 monomers. While
itis not clear from the simulations whether the polydispersity of an exposed sample plays a role in
the resulting dissolution speed, these results can be used in conjunction with dissolution experi-
ments on low molecular-weight samples of varying polydispersity to provide more information.

5.0 Conclusions and Directions for Future Work

Current IC process simulation packages have enjoyed reasonable success in predicting the
response of well characterized lithography systems. Empirical photoresist models such as those
discussed in chapter 2 can be easily constructed to relate the average dissolution rate to exposure
dose, which can then be implemented into etch-front simulators such as SAMPLE or PROLITH.
However, as IC feature dimensions continue to shrink, the finite size of resist macromolecules is
becoming more of an issue. Empirical etch-front models do not reveal molecular-scale effects,
and provide little help in designing new resist systems necessary for manufacturing use at higher
frequency exposure radiation.

Increased understanding and improvement in modelling techniques of photoresist dissolution
mechanisms must occur in order to understand and quantify molecular-scale effects (such as sur-
face roughness of resist features) that are increasingly significant in the IC industry, and to aid in
future resist synthesis applications. Obviously physical understanding must first be gained before
appropriate simulators can be developed. However, theoretical simulations can greatly facilitate
the approach of physical understanding by providing the ability to test any mechanism of choice
to see if that mechanism explains experimental results.

Experimental work is being done to assess dissolution mechanisms. In chapter 3 of this paper,
crosslinker studies in negative three-component resists revealed that varying the structure of the
crosslinker molecule has little effect on dissolution characteristics, other than a decrease in sensi-
tivity with a corresponding increase in the number of available crosslinking sites. Other work by
different research groups continues to unravel the complicated physics of dissolution in two-com-
ponent novolac resists.

As shown by the one-component positive resist simulations of section 4.2, much can be learned
with simulation about the distribution of molecular weight in a resist at various exposure doses.
Combined with experimental data providing the dissolution rate at these doses, a more complete
view of dissolution mechanisms can be obtained. In addition, as mentioned above, experiments on
low average molecular-weight samples of varying polydispersity would also be very useful in fur-
ther quantizing how molecular weight distribution affects the dissolution characteristics.
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It is precisely this type of work that is currently being done with novolacs.3”3 Although novolac-
based photoresists do not undergo molecular weight changes to achieve developer selectivity, the
distribution of molecular sizes still appears to have significant effects on dissolution. A quantita-
tive understanding of these effects and their physical mechanisms will provide another lever with
which to optimize novolac resist performance.

With progress being made in theories of diffusion of developer base into amphiphilic polymer sol-
ids, and experimental work being carried out to understand molecular size effects, it seems that an
appropriate simulation tool for novolac polymers would be very beneficial. Since it is likely that
most of the dissolution chemistry occurs at the phenolic hydroxyl groups, perhaps a data structure
such as that used to keep track of bonds in the one-component positive resist simulation program
of chapter 4.2 could be used to keep track of phenolic hydroxyl groups and phenolate sites in a
novolac simulation program. Each node would represent an OH group, and would contain a refer-
ence number for the macromolecule it belongs to and coordinates of its spatial position. Diffusion
mechanisms such as percolation could then be applied, with the state of a node being changed
form phenolic to phenolate as deprotonation occurs.

There are several hurdles to overcome in designing such a simulator. The most prominent is the
method of determining the spatial arrangement of OH groups. Presumably one macromolecule at
a time would be set up, using molecular mechanics to determine its conformations and measured
density to determine intermolecular spacing, and then the positions of the OH groups would be
read from that. It has been shown that in a pure amorphous polymer the macromolecules adopt
their unperturbed dimensions,!? so presumably this guideline can be used to provide the macro-
molecular shape in the solid photoresist. Another hurdle is keeping track of extra charges liber-
ated by deprotonation. Presumably movement of these charges can be modelled with an
electrostatic approach similar to that used in modelling the interaction of the (charged) developer
base and the dipole OH groups. Yet another hurdle is in determining how many deprotonations
must occur on a given macromolecule before it is released from the solid state and carried away
by the aqueous developer.

Obviously such a simulation program would become complicated very quickly. It also necessarily
must make many assumptions about the underlying physics, but these assumptions are exactly
what such a model would be designed to test. As physical understanding of dissolution mecha-
nisms grows, the initial assumptions would be continually updated, and new theories could be
implemented to compare to experimental data. From engineering and manufacturing viewpoints,
this rigorous approach may not seem necessary. However, macroscopic approaches to resist simu-
lation will no longer be adequate as feature dimensions become on the order of macromolecular
dimensions. It is clear that photoresist materials and modelling techniques will have to be
improved in many ways to keep up with increasing lithographic demands of the IC industry.
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Appendix A. Gel Point Calculations for ML93

The following is a calculation of the gel-point crosslinking density necessary to render ML93
resist insoluble. This threshold density is compared with theoretical maximum number of
crosslinking events possible to give an estimate of the crosslinking efficiency. The gel point is
defined as when gel (or non-dissolvable network polymer) makes its first appearance in a polymer
solid. These calculations are based on Stockmayer’s Rule,3! which states that at the gel point,
every macromolecule has an average of one crosslink. This leads to the following expression for
the gel-point crosslink density:

= — Al

where M) is the monomer molar mass, and My is the weight-averaged polymer molecular weight.

The following are approximate calculations of p for ML93 negative chemically-amplified resist.

H poly(4-hydroxystyrene) HO crosslinker
(I: H 19.6 wt.% o L 0.9 wt.%
] \(I:/ @
" 8(C)+9(H)+1(0) => 14(C)+14(H)+7(0) =>

@ M=8(12)+8(1)+16=120 g/mol CH3 © M,=14(12)+14(1)+7(16)=294 g/mol

Typical mass distribution values: CHy
OH M, =3900, M,,=10200. OH OH
Thus in 1000g of resist:
‘ The number of PHOST monomers is 0.196(1000g)(mol PHOST/120g) =
1.633 mol PHOST monomer.
Each monomer can contribute half of a crosslink
=> total possible number of crosslinks = 0.8165 mol

Using Stockmayer’s rule: pg = My/M,, = 120/10200 = 0.0118

=> to reach the gel point, 1.18% of the total number of possible crosslinks
must have actually participated in a crosslinking event.

=>(.0118(0.8165 mol) = 0.0096 mol crosslinking events needed to reach
polymer gel point.

The number of crosslinker molecules is 0.009(1000g)(mol crosslinker/
294g) = 0.0306 mol crosslinker.

Each crosslinker can contribute one crosslinking event.

=> total number of available crosslinking events = (0.0306 mol

Thus the crosslinking efficiency must be (number of crosslinking events needed to reach gel
point)/(total number of available crosslinks) = 0.0096/0.0306 = 0.314, or about 30% of the avail-
able crosslinking sites must be activated and participate in a crosslinking event to render ML93
insoluble based on the application of Stockmayer’s rule.
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Appendix B. C Code for Chain-Scission Simulation

The following is the code for the program to simulate chain scission. The results of some example

runs are presented in section 4.2.

/* this program fills the text file "infoin" with the degree of polymerization of each molecule to be exposed.

(compile by typing "cc fillin.c -lm") */

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

main()
{
Fill();
}

/* function to fill the info file */

Fill(void)

{

FILE *fp;

int dop,nm,j;

fp=fopen("infoin","w");

nm=1;

while(nm!=0)
{
printf("How many molecules (O to stop)? -> ");
scanf("%d",&nm);
if(nm==0)

break;
printf("Enter the degree of polymerization -> ");
scanf("%d",&dop);
fprintf(fp," %d\n%d\n" (dop-1),(dop+1));
for(j=1;j<=nm;j++)
fprintf(fp," %d\n" ,dop);

}

fclose(fp);

return;

}

/* this program takes a given molecular weight distribution and performs a set amount of exposure events

to determine the resulting molecular weight distribution. All monomer-monomer bonds have equal
probability of being cut. */

#include <stdio.h>
#include <stdlib.h>

struct node

C Code for Chain-Scission Simulation
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int chain;
struct node *next;
h

struct node *talloc(void);

main()
{
struct node *firstNode,*lastNode, *currentNode;
int NumBonds,NumMol,j,rint, NumEvents;
double rnum;
firstNode=NULL;
lastNode=NULL;
NumBonds=0;
NumMol=0;

FillBonds(&NumBonds,& NumMol,&firstNode,&lastNode);

GraphOut(NumMol,firstNode);
printf("How many scissions do you want? -> ");
scanf(" %d",&NumEvents);
for(j=1;j<=NumEvents;j++)

{

rnum=(NumBonds*(1.0*rand())/RAND_MAX)+0.5;

rint=(int)rnum;

Event(&NumBonds,&NumMol.rint,firstNode,lastNode);

}
GraphOut(NumMol firstNode);

exit(0);
}

/* function to fill the linked-list of bonds with data from the input file "infoin" */

FillBonds(nb,nm,first,last)
int *nb,*nm,;
struct node *first,*last;
{
FILE *fp;
struct node *current;
int DegreeOfPol,j;
fp=fopen("infoin","r");
*nm=0;
*nb=0;
while((fscanf(fp," %d\n",&DegreeOfPol))!=EOF)
{
++(*nm);
for(j=1;j<DegreeOfPol;j++)
{
++(*nb);
current=talloc();
current->chain=(*nm);
current->next=NULL;
if(first==NULL)
first=current;

/* nb = #bonds, nm = #molecules */

/* open data file with molecule info */

/* increment the number of bonds */
/* reserve memory for new node */
/* 1abel current node's molecule # */

C Code for Chain-Scission Simulation
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else
last->next=current;

last=current;
}
}
fclose(fp);
return;
}
/* function to remove a node and update the following nodes for an exposure event */
Event(nb,nm,bond,first,1ast)
int *nb,*nm,bond; /* bond = the bond to be cut */
struct node *first,*last;
{
struct node *previous,*select,*current; /* select points to node to be cut, previous
points to node before it */
int j,mol; /* mol = the current molecule */
previous=first;
select=first;
if(bond==1) /* if the bond to be cut is the first one... */
{
first=first->next; /* move the first node to the next one */
previous=NULL; /* the original first node is now null */
}
else
{
for(j=2;j<bond;j++) /* move to node before node to be cut */
previous=previous->next;
select=previous->next; /* position select at the node to be cut */
previous->next=select->next; /* pointer from previous node skips over
the node to be cut */

mol=previous->chain;
current=previous->next;
while((current!=NULL)&&(current->chain=mol))

{ /* while on this same molecule */
current->chain=(*nm)+1; /* make a new molecule */
current=current->next;
}
}
if(previous->next==last) /* move the position of last node */

{

last=previous;
last->next=NULL;
}

++(*nm); /* increment the number of molecules */
--(*nb); /* decrement the number of bonds */
return;
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/* function to allocate memory for a new node */
struct node *talloc(void)
{

return(struct node *) malloc(sizeof(struct node));

}

/* function to fill output file with drawplot-format data. x=degree of polymerization, y=#molecules */
GraphOut(nm,first)
int nm; /* nm = #molecules */
struct node *first;
{
FILE *fp;
struct node *current;
int mol,MolsDone,*data,dop,j,NumPts; /* mol=the current molecule, MolsDone=#molecules
done, data=array of graph data, dop=degree of polymerization of mol, NumPts = #plot points */
data=(int *) calloc(10000,sizeof(int)); /* get array space */
for(j=0;j<10000;j++) /* initialize the array to zero */
*(data+j)=0;
fp=fopen("dataout”,"a");

MolsDone=0);
NumPts=0;
current=first; /* start at the beginning of the list */
while(current!=NULL)
{
++MolsDone; /* increment #molecules done */
dop=0; /* init degree of polym of ea. molecule */
mol=current->chain; /* read chain # of current molecule */
while((current'=NULL)&&(current->chain==mol))
{ /* while on this same molecule */
++dop; /* increment degree of polymerization */
current=current->next;
}
++(*(data+dop)); /* increment #molecules with dop */
}
*data=(nm-MolsDone); /* fill in zero element with #monomers */
for(j=1;j<=10000;j++) /* get number of points to be graphed */
{
if((*(data+j-1))!=0)
++NumbPts;
}
fprintf(fp,"%d\n" ,NumPts); /* write #points to drawplot file */
for(j=1;j<=10000;j++) /* write to graph file */
{
if((*(data+j-1))!=0) /* write only non-zero values */
fprintf(fp,"%d %d\n",j,*(data+j-1));
}
fclose(fp);
return;

}
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