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The perpetual advancement of materials and equipment for microlithography has resulted in the
ability to print critical dimensions that approach the size of the molecules that make up photoresists.
As a result, molecular scale effects such as line edge roughness have become a concern for both
resist manufacturers and process engineers. In this work we have investigated the increasing
importance of molecular level effects, especially in terms of the contributions of the exposure and
postexposure bake~PEB! steps to spatial variations in film composition. A mesoscale simulation of
the PEB was used to model the discrete mass transport and reaction events that create the changes
in film composition responsible for resist function. Local irregularities in resist composition are
generated during the PEB, the magnitude of which can be related to the local concentration of acid.
This study is focused on the establishment of an understanding of the effects of process and
composition variables on the reaction product distribution. The reaction product distribution was
calculated for an APEX®-like resist under a variety of exposure and bake conditions. These process
variables have a profound influence on spatial irregularities in the composition gradient. Ultimately,
it is the interaction of this reaction product distribution with the development process that will
determine line edge roughness. ©2002 American Vacuum Society.@DOI: 10.1116/1.1431954#
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I. INTRODUCTION
The continued reduction in size of resist features has

cessitated a concomitant reduction in the error budget
critical features. As lithography enters the 100 nm node,
errations in feature topography that are on the same le
scale as a single polymer can now consume a signific
portion of the error budget. The increasing importance
feature roughness at this scale has prompted a signifi
effort to investigate its origins and ways to reduce it. Ma
factors have been identified that contribute to feature rou
ness, including both resist properties and processing co
tions. Researchers have investigated the effect on rough
of resist properties including the molecular weight and po
dispersity of the resin,1,2 phase separation or aggregation
resin molecules,3,4 the presence of base additives,5,6 and
crosslink density in negative tone resists.7 Processing condi-
tions have also been found to influence feature roughn
including aerial image effects,2,6,8–10 bake conditions,8,11

transfer of roughness from the reticle,12 stochastic effects
that occur during dissolution,13 and ultrasonic developmen
assistance.14 A variety of computer simulations have als
been employed to investigate feature roughness.15–17 In the
work presented here, a mesoscale lithography simulatio
used to investigate some of the factors that contribute
feature roughness in positive tone chemically amplified
sists.

a!Author to whom all correspondence should be addressed; electronic
willson@che.utexas.edu
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The validity of treating the resist film as a continuu
material during postexposure bake~PEB! and development
simulations is arguable. In the early days of lithograp
simulation, the goal was to predict changes in 3-mm-wide
features in 1.5-mm-thick novolak films. For comparison,
novolak monomer is approximately 1 nm in diameter, a
the radius of gyration of a typical novolak chain is appro
mately 3–5 nm. These dimensions effectively define
minimum ‘‘pixel size’’ of the photoresist, so the finest stru
ture in the developed photoresist feature has to be on
length scale. In novolak photoresists, the effect of each in
vidual molecule is generally small because the molecules
several orders of magnitude smaller than the final resist
ture dimensions that can be printed with these resists. M
lecular level effects can be ignored in this case, and the p
toresist topography can be determined appropriately by u
a fairly coarse calculation grid (;50 nm). On the other
hand, today’s lithographic techniques produce 150-nm-w
features in 300-nm-thick films of resists lik
poly~p-hydroxy-co-t-butoxycarbonyloxy!styrene. The diam-
eter of a resist monomer is still around 1 nm, and the rad
of gyration of a typical chain is approximately 3–5 nm
However, the reduction in feature size leads to a situation
which individual molecules can have a significant effect
the structure of the final photoresist feature. These effects
lost when a continuum approximation is used, on any s
calculation grid.

One may readily imagine how the finite size of a polym
molecule can impact the line-edge roughness of the de
il:
1852Õ20„1…Õ185Õ6Õ$19.00 ©2002 American Vacuum Society
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oped photoresist feature. The situation is analogous to
case of representing an image with pixels: many small pix
are better at producing a smooth image than fewer large
els. Developing a photoresist does not produce a gray sc
rather, it is a binary process in which each polymer molec
either remains in the film or dissolves into the develop
Whether or not a given polymer chain will dissolve is depe
dent upon a number of formulation and processing variab
Prior to the ~PEB!, the polymer chains that compose
positive-tone chemically amplified resist film are all osten
bly insoluble. This insolubility results from the presence o
number of pendant blocking groups on the polymer cha
In a typical photoresist formulation, blocking 20%–30%
the repeat units on a given chain is sufficient to render
chain insoluble on the time scale of the development proc
Illumination of the photoresist through a mask generates a
in exposed regions. At the elevated temperature of the P
the acid catalyzes thermolysis of the blocking groups. T
end effect is that in regions of high acid concentration, m
of the blocking groups are removed and the polymer is v
soluble. Similarly, in regions of low acid concentration, mo
of the blocking groups remain and the polymer is insolub
In the boundary region between these two extremes lies
variation in polymer solubility that determines the shape
the resist feature after development.

Line edge roughness is the consequence of the com
interaction between the spatial variation in composition t
results from exposure and PEB, and the solubility funct
that describes the action of the developer on that comp
tional distribution. The first step in understanding line ed
roughness is accurate establishment of the spatial variatio
the molecular level composition after exposure and bak
In this work a mesoscale model was used to calculate
effect of acid concentration on the compositional distribut
produced during the PEB. Lattice models of photoresist fil
were exposed to produce a variety of acid distributions,
a PEB simulation was used to determine the resulting dis
bution of blocked polymer sites that is instrumental in det
mining the topography of the developed resist feature. T
final resist image is also strongly dependent on the deve
ment process, and the reader is referred to the literature
detailed discussion of issues affecting photore
dissolution.18–22

II. MESOSCALE LITHOGRAPHY MODELING

Our approach to lithography modeling is based upon
discretization of the photoresist film into cells on a thre
dimensional lattice~Fig. 1!. Each lattice cell occupies th
same volume as a monomer repeat unit of the photore
polymer. Lattice cells are strung together to form chains,
pendant groups are attached to some sites on the chai
represent the partial blocking of the photoresist resin. So
lattice cells contain photoacid generators~PAGs! and some
contain photoproducts~acid plus counterion!. Base additives
~acid quenchers!, residual casting solvent, and other ad
tives can also be included, but in this work they were omit
for simplicity. Vacancies in the lattice represent the free v
J. Vac. Sci. Technol. B, Vol. 20, No. 1, Jan ÕFeb 2002
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ume of the polymer film. All of the lattice occupants we
introduced in amounts that are representative of the con
trations found in the particular photoresist that was be
simulated. During the simulation steps, each lattice occup
behaves in a manner consistent with its chemical identity
this way it is possible to use the simulation to investigate
effects of the various constituents of the resist on the lit
graphic performance. Among the many formulation variab
that may be examined in this manner are polymer molec
weight and polydispersity, PAG loading, and residual cast
solvent concentration. The main topic that will be discuss
here is the role of acid concentration in the creation of
regularities in the reaction product distribution.

A. Generation of a lattice representation of a resist
film

The lattice model of the resist film is based upon fund
mental and measurable parameters that define the com
tion of the photoresist. To specify the polymer compone
the average degree of polymerization and the standard de
tion of the distribution of degree of polymerization must
input. These data can be calculated from the molecu
weight distribution of the photoresist resin, which is meas
able by techniques such as size exclusion chromatograph
is also necessary to know the average fraction of the poly
repeat units that are blocked, which can be determined
thermogravimetric analysis. These three variables effectiv
define the photoresist polymer as it is represented on
lattice. The presence of other photoresist components, m
notably the PAG loading, must also be quantified. Te
niques for measuring such resist properties have been
scribed in the literature.23–25

Knowledge of the chemical composition of the photor
sist allows one to calculate the appropriate population
each component in the lattice. Each component can the
added sequentially until the desired concentration is pre

FIG. 1. Lattice representation of a resist film, where every molecule is c
sidered individually. This example is two-dimensional and contains ten
cells. A lattice used in simulation is three dimensional and may con
millions of cells.
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in the lattice. In the first step of lattice creation, straig
chains are added to the lattice by stringing cells togethe
the desired chain length and chain length distribution. Th
chains are then equilibrated via many simulated reptati
that have the effect of introducing bends into the chains
eventually randomizing their conformation.26 In the next
step, pendant groups are added to random positions on
chains to represent blocked sites on the polymer chains
nally, PAG molecules are added by randomly converting
tice vacancies into PAG units until the required concentrat
of PAG has been created.

B. Mesoscale exposure simulation

Once the lattice is configured, it is exposed by selectiv
converting the PAGs into acids on the basis of their locat
within the photoresist film. To this end the commercial
thography simulation packagePROLITH 7® was used. This
software is capable of calculating the energy deposited
any volume element of the resist while varying the expos
wavelength and partial coherence, the numerical apertur
the imaging system, conventional, annular, and quadrup
illumination schemes, and arbitrary mask structures~includ-
ing phase shifts!, among many other processing variable
The result of the exposure calculation was a deposited
ergy distribution throughout the resist film, which was th
converted into the fractional conversion of PAG as a funct
of location within the film based upon knowledge of th
local energy and the measured quantum efficiency of
PAG. In this way, a continuous distribution of energy is co
verted into a discrete distribution of acid in the mesosc
simulation.

C. Mesoscale PEB simulation

During the PEB simulation, all single-cell lattice occ
pants~e.g., PAGs and acids! are allowed to move via a ran
dom walk through the vacant cells of the lattice. During th
process, some acid molecules come into contact with blo
ing groups with which they may chemically react. When
acid unit comes into contact with a blocking group it ca
lyzes the removal of the pendant group. In the actual re
the volatile cleavage products generally leave the resist
as gases. This process was modeled in the lattice simula
by removing the blocking group from the polymer chain,
produce a temporary void in the lattice.

III. SIMULATION RESULTS AND DISCUSSION

A. Generation of a lattice representation of a resist
film

The results presented in this work were generated fro
lattice that is 144 cells in each of the three dimensions, c
responding to a volume of approximately~100 nm!3. This
lattice was filled with monodisperse chains 35 repeat u
long and equilibrated by a simulated reptation process.26 In
the reptation process, an entire chain may undergo snak
motions if a void is present near one end of the chain. T
process is repeated many times and has the ultimate effe
JVST B - Microelectronics and Nanometer Structures
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randomizing the conformations of the chains. The me
squared radius of gyration and mean squared end-to
distance were monitored during the equilibration proce
The lattice was considered to be at equilibrium when latt
properties no longer changed with further equilibration ste
~Fig. 2!. For long chains, the ratio of the mean squared e
to-end distance to the mean squared radius of gyration
been calculated to have a value of 6.27 As can be seen in
Fig. 2, simulation results agree well with this predict
value. After equilibration, pendant groups were added to r
dom locations on the polymer chains to represent the bloc
fraction of polymer sites. The distribution of blocking frac
tions was Gaussian, with a mean of 0.30 and a stand
deviation of approximately 0.10~Fig. 3!. Photoresists typi-
cally consist of random copolymers, so this distribution
blocking fractions is an accurate representation of w
would be found in an actual resist. The last step in creat
the film was to add PAG molecules to the lattice by random
converting a fraction of the voids into PAGs. This was do

FIG. 2. Equilibration of the polymer chains. The mean-squared end- to-
distance (̂Re

2&) and the mean-squared radius of gyration (^Rg
2&) are periodi-

cally calculated.

FIG. 3. Blocking fraction distribution of the simulated photoresist polym
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such that the number ratio of polymer sites to PAG sites w
20:1, leaving 10% of the lattice vacant to represent the av
able free volume in the polymer film. At this stage the latti
model represents a (100 nm3100 nm3100 nm) volume of
an APEX®-type photoresist film.

B. Evaluation of catalytic effect per acid

The high sensitivity provided by chemically amplified r
sists is a result of the catalytic action of the photoproducts
single acid molecule produced during exposure can ca
many reactions that alter the solubility of the resist fil
However, an acid molecule can only cause reactions if re
tive material is present nearby. Each acid must therefore
dergo a certain degree of translational motion in order
continue to react. In this respect, acid transport is desirab
that it allows a single photogenerated acid to alter the s
bility of a larger portion of the resist film. On the other han
transport of acid into unexposed regions of the resist fi
complicates control over feature dimensions.28,29 To more
fully understand how acid molecules near the nominal f
ture edge affect the final topography, we performed sev
simulations of feature edges. These simulations all focus
(100 nm3100 nm3100 nm) resist volume that is centere
around the nominal feature edge of an individual line in
array of 100 nm equal lines and spaces.

The influence of an individual acid molecule in determ
ing the shape of the resist feature is related to the numbe
reactions that it catalyzes during the PEB and to the loca
of those reactions. The number of reactions that are cataly
during the PEB has been taken as a single fixed quantit
constant in several analyses, but this is an oversimplifica
of a complex mechanism. As it happens, the location of
acid molecule strongly determines the number of reacti
that it can catalyze. Consider an acid molecule that is ge
ated in the center of the exposed region of the resist fi
Due to the high exposure in this region, a large number
PAG molecules will be converted into acids, and the dep
tection reaction will therefore proceed very quickly in th
volume. All of the reactive material~blocked sites! in this
volume will be rapidly depleted, whereupon the reactio
will cease. Now consider an acid molecule that is genera
in the tail of the aerial image. Very few acid molecules a
present in regions of such low exposure, and so the reac
proceeds more slowly. It is therefore possible for an in
vidual acid in a region of low acid concentration to contin
to cause deblocking reactions long after all blocked sites
gone in the regions of high acid concentration.

If the volume of resist that each acid molecule contact
assumed to grow spherically, then it is easy to conceptua
that these volumes of influence will overlap quickly in r
gions of high acid concentration, as shown in Fig. 4. In
gions where acid molecules are sparsely distributed, the
ume of influence must be considerably larger before ano
reacted region is encountered. There is less volume of re
availableper acid in regions of high acid concentration.~It
should be noted that the volume of acid influence does
actually grow spherically during the PEB, but rather take
J. Vac. Sci. Technol. B, Vol. 20, No. 1, Jan ÕFeb 2002
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more tortuous path as the acid moves through the film. T
volumes have been depicted as spheres only for clarity
illustration.!

To quantify this effect, simulations of line edges we
performed for the exposure conditions shown in Fig.
Three sinusoids were used to simulate exposure condit
with varying image slopes. PAG in the lattice was conver
to acid in accordance with each particular exposure con
tion. A PEB simulation was then performed on each latt
for a total of 53103 simulation steps, during which time th
number of reactions catalyzed per acid molecule w
tracked. These data have been plotted as a function of
final acid location in Fig. 6. It is clear that the number
reactions that each acid catalyzes is a strong function of
cation for the different exposure conditions. In locatio
where there is a high concentration of acid, blocking grou
are the limiting reagent. These reactive sites are quickly
pleted, and the resulting number of reactions per acid is

FIG. 4. During the PEB, volumes of acid influence quickly overlap whe
there are high concentrations of acid. In this two-dimensional cartoon,
volume of influence has been depicted as a circle. In actuality, the
follows a more tortuous path as it moves through the resist film.

FIG. 5. Exposure conditions used for several line edge simulations.
three cases shown represent a range of different image contrasts~IC!.
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(,10). In regions where there is a very low concentration
acid, the acids are the limiting reagent. As a result, the nu
ber of reactions per acid is much higher in these regions
shown in Fig. 6. It is therefore misleading to assign a sing
average value to the ‘‘catalytic chain length’’ in this sort
reaction analysis.

It should be noted that the location of the feature ed
cannot be inferred from the information given in Fig. 4. T
location of the feature edge depends on a convolution of
distribution of blocked with a solubility function, not on th
number of reactions per acid. This discussion is focused o
on quantification of the irregularity in the reaction produ
distribution. The interaction of this distribution with the d
velopment process is the subject of ongoing research stu

C. Calculation of spatial distribution of reaction
products

Complete overlap of the individual regions of acid infl
ence during the PEB produces a volume of the resist tha
fully deprotected. It is the regions where the overlap is
complete that determines the final resist topography. The
ture edge is defined at the interface between soluble
insoluble regions where the resin protection level has b
decreased to the degree that enables dissolution.~This value
is dependent upon both the chemical composition of the
sist and the development conditions, and is beyond the sc
of this work.! However, due to the nature of the deprotecti
reaction, there are several ways to achieve the same lev
deprotection. The same average level of deprotection ca
produced by a high concentration of acid and a short PEB
with fewer acid molecules and a long PEB. The mesosc
structure of the reaction product distribution is very differe
for the two cases.

In a series of simulations, the PAG in the lattice was u
formly converted to several different levels of bulk acid co
centration that correspond to the regions of low acid conc
tration depicted in Fig. 5. A PEB simulation was perform

FIG. 6. Mean number of reactions per acid as a function of location for
exposure conditions. Acids that are present in regions of low acid con
tration may catalyze many more reactions than acids in regions of high
concentration.
JVST B - Microelectronics and Nanometer Structures
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on each lattice, and the three-dimensional reaction prod
distribution was periodically recorded. To quantify the sp
tial irregularity in each reaction product distribution, th
blocking fraction of the polymer chain that occupies ea
lattice location was calculated. The mean and standard
viation of the blocking fraction in each lattice have be
plotted in Fig. 7 for several different acid concentrations. T
blocking fraction of each lattice was identical prior to th
PEB. During the PEB, each lattice progressed from hig
blocking to lower blocking~right to left in Fig. 7!. For equal
degrees of deprotection, higher acid concentrations produ
smoother distributions of blocking fraction. These smoo
distributions can be expected to produce smoother feat
upon development if the development process is halted a
region of higher acid concentration. The effect can be vi
alized by simply plotting a two-dimensional slice of th
three-dimensional reaction products distribution. This h
been done for two blocking fraction distributions in Fig.
where dark regions have a lower blocking fraction than lig
regions. Both of these distributions have an average block
fraction of 0.156, but the standard deviations vary by alm
a factor of 2.

IV. CONCLUSIONS

Simulations have shown that there is significant variat
in the number of reactions that each acid molecule cataly
during the postexposure bake. Acids that are in regions
high acid concentration generally participate in far fewer
actions than acids that are in regions of low acid concen
tion. It is therefore misleading to refer to a single ‘‘catalyt
chain length’’ for a particular photoresist. The feature ed
occurs in some region of intermediate acid concentration,
the exact location of the feature edge is ultimately det
mined by both material properties and development con
tions. It is desirable to have the feature edge occur at a r
tively high acid concentration, because the simulatio
suggest that this leads to a smoother composition gradie

e
n-
id

FIG. 7. Spatial irregularity in reaction product distribution: standard dev
tion of blocking fraction. For equal degrees of deprotection, higher a
concentrations produce smoother distributions~smaller standard deviation!.
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FIG. 8. Slices in the blocking fraction distribution of two lattices. Bo
lattices have the same average degree of deprotection, but~a! was produced
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