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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 baké@EB) 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. ZD02 American Vacuum SocietyDOI: 10.1116/1.1431954

[. INTRODUCTION The validity of treating the resist film as a continuum

The continued reduction in size of resist features has nehaterial during postexposure bakeEB) and development
cessitated a concomitant reduction in the error budget fofimulations is arguable. In the early days of lithography
critical features. As lithography enters the 100 nm node, absimulation, the goal was to predict changes ipr8-wide
errations in feature topography that are on the same lengti¢atures in 1.5«m-thick novolak films. For comparison, a
scale as a single polymer can now consume a significaritovolak monomer is approximately 1 nm in diameter, and
portion of the error budget. The increasing importance ofthe radius of gyration of a typical novolak chain is approxi-
feature roughness at this scale has prompted a significaftately 3—5 nm. These dimensions effectively define the
effort to investigate its origins and ways to reduce it. ManymMinimum “pixel size” of the photoresist, so the finest struc-
factors have been identified that contribute to feature roughtire in the developed photoresist feature has to be on this
ness, including both resist properties and processing condiength scale. In novolak photoresists, the effect of each indi-
tions. Researchers have investigated the effect on roughne¥ilual molecule is generally small because the molecules are
of resist properties including the molecular weight and poly-several orders of magnitude smaller than the final resist fea-
dispersity of the resifr? phase separation or aggregation of ture dimensions that can be printed with these resists. Mo-
resin moleculeé? the presence of base additiiésand lecular level effects can be ignored in this case, and the pho-
crosslink density in negative tone resié®rocessing condi- toresist topography can be determined appropriately by using
tions have also been found to influence feature roughnes, fairly coarse calculation grid~50nm). On the other
including aerial image effecfe®®-% bake condition§;* hand, today’s lithographic techniques produce 150-nm-wide
transfer of roughness from the retidfestochastic effects features in  300-nm-thick  films — of resists like
that occur during dissolutioh’, and ultrasonic development POly(p-hydroxy-cot-butoxycarbonyloxystyrene. The diam-
assistancé* A variety of computer simulations have also €ter of a resist monomer is still around 1 nm, and the radius
been employed to investigate feature roughfgs¥.In the ~ of gyration of a typical chain is approximately 3—-5 nm.
work presented here, a mesoscale lithography simulation iowever, the reduction in feature size leads to a situation in

used to investigate some of the factors that contribute tdvhich individual molecules can have a significant effect on
feature roughness in positive tone chemically amplified rethe structure of the final photoresist feature. These effects are

sists. lost when a continuum approximation is used, on any size
calculation grid.

aAuthor to whom all correspondence should be addressed: electronic mail: One may re_ad"y imagin_e how the finite size of a polymer
willson@che.utexas.edu molecule can impact the line-edge roughness of the devel-
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oped photoresist feature. The situation is analogous to the
case of representing an image with pixels: many small pixels
are better at producing a smooth image than fewer large pix- /
els. Developing a photoresist does not produce a gray scale;
rather, it is a binary process in which each polymer molecule
either remains in the film or dissolves into the developer.
Whether or not a given polymer chain will dissolve is depen-
dent upon a number of formulation and processing variables.
Prior to the (PEB), the polymer chains that compose a
positive-tone chemically amplified resist film are all ostensi-
bly insoluble. This insolubility results from the presence of a
number of pendant blocking groups on the polymer chains.
In a typical photoresist formulation, blocking 20%—-30% of
the repeat units on a given chain is sufficient to render that ‘
chain insoluble on the time scale of the development process. Photoresist film
lllumination of the photoresist through a mask generates acid :
in exposed regions. At the elevated temperature of the PEB,
the acid catalyzes thermolysis of the blocking groups. Thesc. 1. Lattice representation of a resist film, where every molecule is con-
end effect is that in regions of high acid concentration, mossidered individually. This example is two-dimensional and contains tens of
of the bIocking groups are removed and the polymer is Verfgll;. A lattice used in simulation is three dimensional and may contain
L . . . . millions of cells.
soluble. Similarly, in regions of low acid concentration, most
of the blocking groups remain and the polymer is insoluble.
In the boundary region between these two extremes lies theme of the polymer film. All of the lattice occupants were
variation in polymer solubility that determines the shape ofintroduced in amounts that are representative of the concen-
the resist feature after development. trations found in the particular photoresist that was being
Line edge roughness is the consequence of the complesimulated. During the simulation steps, each lattice occupant
interaction between the spatial variation in composition thabehaves in a manner consistent with its chemical identity. In
results from exposure and PEB, and the solubility functionthis way it is possible to use the simulation to investigate the
that describes the action of the developer on that composeffects of the various constituents of the resist on the litho-
tional distribution. The first step in understanding line edgegraphic performance. Among the many formulation variables
roughness is accurate establishment of the spatial variation that may be examined in this manner are polymer molecular
the molecular level composition after exposure and bakingweight and polydispersity, PAG loading, and residual casting
In this work a mesoscale model was used to calculate theolvent concentration. The main topic that will be discussed
effect of acid concentration on the compositional distributionhere is the role of acid concentration in the creation of ir-
produced during the PEB. Lattice models of photoresist filmgegularities in the reaction product distribution.
were exposed to produce a variety of acid distributions, an%
a PEB simulation was used to determine the resulting distriz.
bution of blocked polymer sites that is instrumental in deter-
mining the topography of the developed resist feature. The The lattice model of the resist film is based upon funda-
final resist image is also strongly dependent on the developnental and measurable parameters that define the composi-
ment process, and the reader is referred to the literature fortion of the photoresist. To specify the polymer component,
detailed discussion of issues affecting photoresisthe average degree of polymerization and the standard devia-
dissolution'8—22 tion of the distribution of degree of polymerization must be
input. These data can be calculated from the molecular
weight distribution of the photoresist resin, which is measur-
. MESOSCALE LITHOGRAPHY MODELING able by techniques such as size exclusion chromatography. It
Our approach to lithography modeling is based upon thés also necessary to know the average fraction of the polymer
discretization of the photoresist film into cells on a three-repeat units that are blocked, which can be determined by
dimensional lattice(Fig. 1). Each lattice cell occupies the thermogravimetric analysis. These three variables effectively
same volume as a monomer repeat unit of the photoresistefine the photoresist polymer as it is represented on the
polymer. Lattice cells are strung together to form chains, andattice. The presence of other photoresist components, most
pendant groups are attached to some sites on the chains rtotably the PAG loading, must also be quantified. Tech-
represent the partial blocking of the photoresist resin. Somaiques for measuring such resist properties have been de-
lattice cells contain photoacid generatdPAGS and some scribed in the literatur&>-2°
contain photoproductg&cid plus counterion Base additives Knowledge of the chemical composition of the photore-
(acid quencheys residual casting solvent, and other addi-sist allows one to calculate the appropriate population of
tives can also be included, but in this work they were omittedeach component in the lattice. Each component can then be
for simplicity. Vacancies in the lattice represent the free vol-added sequentially until the desired concentration is present

AL

Substrate ’

Generation of a lattice representation of a resist
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in the lattice. In the first step of lattice creation, straight 12 12
chains are added to the lattice by stringing cells together to
the desired chain length and chain length distribution. These
chains are then equilibrated via many simulated reptations
that have the effect of introducing bends into the chains and
eventually randomizing their conformatiéh.In the next
step, pendant groups are added to random positions on the
chains to represent blocked sites on the polymer chains. Fi-
nally, PAG molecules are added by randomly converting lat-
tice vacancies into PAG units until the required concentration
of PAG has been created.

A <Re2>
A B <Rg2>
8 13 o <Re2>/<Rg2>| 1 g

N
o

<Re2>, <Rg2> (nm ?)
<Re2>/<Rg2>

0 50 100 150 200
Mean equilibration steps per monomer

B. Mesoscale exposure simulation

Once the lattice is configured, it is exposed by selectively
converting the PAGs into acids on the basis of their locatiorfic. 2. Equilibration of the polymer chains. The mean-squared end- to-end
within the photoresist film. To this end the commercial li- distance (RZ)) and the mean-squared radius of gyratioR) are periodi-
thography simulation packageroLITH 7® was used. This cally calculated.
software is capable of calculating the energy deposited into
any volume element of the resist while varying the exposure

wavelength and partial coherence, the numerical aperture @hndomizing the conformations of the chains. The mean
the imaging system, conventional, annular, and quadrupolagquared radius of gyration and mean squared end-to-end
illumination schemes, and arbitrary mask structufeslud-  gistance were monitored during the equilibration process.
ing phase shifts among many other processing variables.The |attice was considered to be at equilibrium when lattice
The result of the exposure calculation was a deposited ersroperties no longer changed with further equilibration steps
ergy distribution throughout the resist film, which was then(Fig_ 2). For long chains, the ratio of the mean squared end-
converted into the fractional conversion of PAG as a functiong.end distance to the mean squared radius of gyration has
of location within the film based upon knowledge of the peen calculated to have a value of’6As can be seen in
local energy and the measured quantum efficiency of thesig 2 simulation results agree well with this predicted
PAG. In this way, a continuous distribution of energy is con-yajye. After equilibration, pendant groups were added to ran-
verted into a discrete distribution of acid in the mesoscalgyom |ocations on the polymer chains to represent the blocked

simulation. fraction of polymer sites. The distribution of blocking frac-
. _ tions was Gaussian, with a mean of 0.30 and a standard
C. Mesoscale PEB simulation deviation of approximately 0.1(Fig. 3). Photoresists typi-

During the PEB simulation, all single-cell lattice occu- Cally consist of random copolymers, so this distribution of
pants(e.g., PAGs and acidlsire allowed to move via a ran- Plocking fractions is an accurate representation of what
dom walk through the vacant cells of the lattice. During thiswould be found in an actual resist. The last step in creating
process, some acid molecules come into contact with blockhe film was to add PAG molecules to the lattice by randomly
acid unit comes into contact with a blocking group it cata-
lyzes the removal of the pendant group. In the actual resist,
the volatile cleavage products generally leave the resist film
as gases. This process was modeled in the lattice simulation ' o Blocking fraction distribution
by removing the blocking group from the polymer chain, to — Gaussian fit
produce a temporary void in the lattice.

0.10 A
[ll. SIMULATION RESULTS AND DISCUSSION

A. Generation of a lattice representation of a resist
film
0.05 A

Fraction of all chains

The results presented in this work were generated from a
lattice that is 144 cells in each of the three dimensions, cor-
responding to a volume of approximatel¥00 nm?®. This
lattice was filled with monodisperse chains 35 repeat units 0.00
long and equilibrated by a simulated reptation procésa. 00 041 02 03 04 05 06 07
the reptation process, an entire chain may undergo snakelike
motions if a void is present near one end of the chain. This
process is repeated many times and has the ultimate effect B&. 3. Blocking fraction distribution of the simulated photoresist polymer.

Blocking fraction
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such that the number ratio of polymer sites to PAG sites was  lllumination
20:1, leaving 10% of the lattice vacant to represent the avail- l l l l l l l l l l l l l l l l l l l
able free volume in the polymer film. At this stage the lattice Mask s
model represents a (100 mri00 nmx 100 nm) volume of r—
an APEX®-type photoresist film. toeg =0 AOUE o
B. Evaluation of catalytic effect per acid
The high sensitivity provided by chemically amplified re- OQQ 0 @] o
sists is a result of the catalytic action of the photoproducts. A tres = 1 900 o 0
single acid molecule produced during exposure can cause -0 0 -
many reactions that alter the solubility of the resist film.
However, an acid molecule can only cause reactions if reac- )fDF) @
tive material is present nearby. Each acid must therefore un- tres =tz O /) "
dergo a certain degree of translational motion in order to SULEDRA

continue to react. In this respect, acid transport is desirable in _ o _

that it allows a single photogenerated acid to alter the soluf'®: 4 Puring the PEB, volumes of acid influence quickly overlap where
o ) L there are high concentrations of acid. In this two-dimensional cartoon, the

bility of a larger portion of the resist film. On the other hand, yolume of influence has been depicted as a circle. In actuality, the acid

transport of acid into unexposed regions of the resist filnfollows a more tortuous path as it moves through the resist film.

complicates control over feature dimensiéfé’ To more

fully understand how acid molecules near the nominal fea-

ture edge affect the final topography, we performed severahore tortuous path as the acid moves through the film. The

simulations of feature edges. These simulations all focus on wolumes have been depicted as spheres only for clarity of

(100 nmx 100 nmix 100 nm) resist volume that is centered illustration)

around the nominal feature edge of an individual line in an  To quantify this effect, simulations of line edges were

array of 100 nm equal lines and spaces. performed for the exposure conditions shown in Fig. 5.

The influence of an individual acid molecule in determin- Three sinusoids were used to simulate exposure conditions
ing the shape of the resist feature is related to the number afith varying image slopes. PAG in the lattice was converted
reactions that it catalyzes during the PEB and to the locatioto acid in accordance with each particular exposure condi-
of those reactions. The number of reactions that are catalyzeibn. A PEB simulation was then performed on each lattice
during the PEB has been taken as a single fixed quantity dor a total of 5< 10° simulation steps, during which time the
constant in several analyses, but this is an oversimplificationumber of reactions catalyzed per acid molecule was
of a complex mechanism. As it happens, the location of anracked. These data have been plotted as a function of the
acid molecule strongly determines the number of reactionfinal acid location in Fig. 6. It is clear that the number of
that it can catalyze. Consider an acid molecule that is genereactions that each acid catalyzes is a strong function of lo-
ated in the center of the exposed region of the resist filmcation for the different exposure conditions. In locations
Due to the high exposure in this region, a large number ofvhere there is a high concentration of acid, blocking groups
PAG molecules will be converted into acids, and the deproare the limiting reagent. These reactive sites are quickly de-
tection reaction will therefore proceed very quickly in this pleted, and the resulting number of reactions per acid is low
volume. All of the reactive materigblocked sitesin this
volume will be rapidly depleted, whereupon the reactions
will cease. Now consider an acid molecule that is generated
in the tail of the aerial image. Very few acid molecules are
present in regions of such low exposure, and so the reaction
proceeds more slowly. It is therefore possible for an indi-
vidual acid in a region of low acid concentration to continue
to cause deblocking reactions long after all blocked sites are
gone in the regions of high acid concentration.

If the volume of resist that each acid molecule contacts is
assumed to grow spherically, then it is easy to conceptualize
that these volumes of influence will overlap quickly in re-
gions of high acid concentration, as shown in Fig. 4. In re-
gions where acid molecules are sparsely distributed, the vol-
ume of influence must be considerably larger before another
reacted region is encountered. There is less volume of resist N
availableper acidin regions of high acid concentratiofit X position (nm)
should be noted that the volume of acid influence does NGt 5. Exposure conditions used for several line edge simulations. The
actually grow spherically during the PEB, but rather takes ahree cases shown represent a range of different image cor(i@jsts

Image Constrast:
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Fic. 6. Mean number of reactions per acid as a function of location for theFiG. 7. Spatial irregularity in reaction product distribution: standard devia-

exposure conditions. Acids that are present in regions of low acid concenfion of blocking fraction. For equal degrees of deprotection, higher acid
tration may catalyze many more reactions than acids in regions of high acigoncentrations produce smoother distributi¢smaller standard deviatipn

concentration.

. . ) on each lattice, and the three-dimensional reaction product
(<10). In regions where there is a very low concentration Ofyistrihytion was periodically recorded. To quantify the spa-
acid, the acids are the limiting reagent. As a result, the nUMgg| jrreqularity in each reaction product distribution, the
ber of reactions per acid is much higher in these regions, a§yocking fraction of the polymer chain that occupies each
shown in Fig. 6. It is therefore misleading to assign a single|yice |ocation was calculated. The mean and standard de-
average value to the “catalytic chain length” in this sort of \;i4ti0n of the blocking fraction in each lattice have been
reaction analysis. ) plotted in Fig. 7 for several different acid concentrations. The
It shouI(_JI be noted that t_he Iocat_lon O_f the_ fegture edgEblocking fraction of each lattice was identical prior to the
cannpt be inferred from the information given in Flg_. 4. The g During the PEB, each lattice progressed from higher
location of the feature edge depends on a convolution of thg,cking to lower blockingright to left in Fig. 7. For equal
distribution of blocked with a solubility function, not on the yerees of deprotection, higher acid concentrations produced
number of reactions per acid. This discussion is focused onlyy,qther distributions of blocking fraction. These smooth
on quantification of the irregularity in the reaction product yisyihytions can be expected to produce smoother features
distribution. The mtgracﬂon qf this dIStI’Ib'utIOI’l with the dej upon development if the development process is halted at the
velopment process is the subject of ongoing research studi€gygion of higher acid concentration. The effect can be visu-
alized by simply plotting a two-dimensional slice of the
C. Calculation of spatial distribution of reaction three-dimensional reaction products distribution. This has
products been done for two blocking fraction distributions in Fig. 8,
Complete overlap of the individual regions of acid influ- where dark regions have a lower blocking fraction than light
ence during the PEB produces a volume of the resist that igegions. Both of these distributions have an average blocking
fully deprotected. It is the regions where the overlap is noffraction of 0.156, but the standard deviations vary by almost
complete that determines the final resist topography. The fea factor of 2.
ture edge is defined at the interface between soluble and
insoluble regions where the resin protection level has bee
decreased to the degree that enables dissolufidms value R/ CONCLUSIONS
is dependent upon both the chemical composition of the re- Simulations have shown that there is significant variation
sist and the development conditions, and is beyond the scope the number of reactions that each acid molecule catalyzes
of this work) However, due to the nature of the deprotectionduring the postexposure bake. Acids that are in regions of
reaction, there are several ways to achieve the same level bfgh acid concentration generally participate in far fewer re-
deprotection. The same average level of deprotection can kmctions than acids that are in regions of low acid concentra-
produced by a high concentration of acid and a short PEB ation. It is therefore misleading to refer to a single “catalytic
with fewer acid molecules and a long PEB. The mesoscalehain length” for a particular photoresist. The feature edge
structure of the reaction product distribution is very differentoccurs in some region of intermediate acid concentration, but
for the two cases. the exact location of the feature edge is ultimately deter-
In a series of simulations, the PAG in the lattice was uni-mined by both material properties and development condi-
formly converted to several different levels of bulk acid con-tions. It is desirable to have the feature edge occur at a rela-
centration that correspond to the regions of low acid concentively high acid concentration, because the simulations
tration depicted in Fig. 5. A PEB simulation was performedsuggest that this leads to a smoother composition gradient.
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Mean Blacking Fraction of this slice = 0.156 Presented at the 45th International Conference on Electron, lon, and Photon
Mean Blocking Fraction of entire film = 0.157 Beam Technology and nanofabrication, Washington, DC, 29 May-1 June
2001.
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