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Abstract. A lattice-type Monte Carlo-based mesoscale model and simulation of the lithography process have
been adapted to study the insoluble particle generation that arises from statistically improbable events. These
events occur when there is a connected pathway of soluble material that envelops a volume of insoluble material
due to fluctuations in the deprotection profile. The simulation shows that development erodes the insoluble
material into the developer stream and produces a cavity on the line edge that can be far larger than a single
polymer molecule. The insoluble particles can coalesce to form aggregates that deposit on the wafer surface.
The effect of the resist formulation, exposure, postexposure bake, and development variables on particle gen-
eration was analyzed in both low- and high-frequency domains. It is suggested that different mechanisms are
dominant for the formation of line-edge roughness (LER) at different frequencies. The simulations were used to
assess the commonly proposed measures to reduce LER such as the use of low molecular weight polymers,
addition of quenchers, varying acid diffusion length, etc. The simulation can be used to help set process var-

iables to minimize the extent of particle generation and LER.© 2014 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction voltage and on-off current. The morphology of a line edge

Defectivity has always been a key concern for the semicon-depends on the length scale of observdtidierefore, in
ductor industry. Because they lead to lost yield and thereforethe recent past, the characterization of LER has been based
lost revenue, defects are constantly investigated in everynot only on the rms value (standard deviation of the line
manufacturing facility in the world. Although lithography €dge), butalso the spatial aspects of LER based on parameters
processes are very clean, they are not perfect, and all haviicluding correlation length and roughness exponent. Ma et al.
some level of defectivity. One important class of lithographic evaluated the impact of the individual parameters on CD varia-
defects is‘postdevelop defectshat are generated during tion from a statistical prospectivélhey found that smaller
development of the photoresist. It has been proposed thagate widths, larger correlation lengths, and smoother local
these insoluble residues are generated by an erosion evegdge roughness (larger roughness exponent) produce larger
that occurs when there is, generated by chance, a connecteédD variations. The low-frequency LER produces transistor
pathway of soluble material that envelops or surrounds angate length variations leading to current leakage and IC timing
insoluble volumé:? Such residues or particles are inherently issues, while the high-frequency LER affects dopant concen-
insoluble photoresist materials that would have a tendency tdration profiles and interconnect wire resistahce.
redeposit on the wafer or the tools. Any drop in the pH of the ~ Simulation studies have proven to be a time- and cost-
solution, like that which occurs during the rinse step, would effective approach to solving several engineering problems.
aggravate the problem by further reducing the solubility of Lithographic simulation and Monte Carlo techniques are
the particles already suspended in the solution. These statigaow being used throughout the industry to predict CD error
tical excursions of the development path during photoresistbudgets, process windows, and other important lithographic
dissolution can produce a cavity on the line edge that is farparameters. However, the subject of defectivity has largely
larger than the volume of a single polymer molecule. remained untouched by these simulations. Defectivity is a
A different but closely related problem in manufacturing stochastic process, and Monte Carlo simulations inherently
is line-edge roughness (LER). The International Technologymake use of stochastics, so an attempt has been made to
Roadmap for Semiconductors has outlined LER as one of theexploit Monte Carlo techniques to simulate particle genera-
major challenges ahead, as the critical dimension (CD) ontion during the photoresist dissolution step. These simulations
the integrated circuit (IC) chip is approaching molecular also provide valuable information about the fundamental
dimensions. For example, LER generates a random varia- causes of LER and aid in studying the convoluted variables
tion in gate length (CD). These variations in CD affect individually, which is not feasible experimentally.
the device performance by introducing variations in threshold  Mesoscale modeling is a promising simulation approach
based on molecular-level interactions and capable of

*Address all correspondence to: C. Grant Willson, E-mail:willson@che.utexas
.edu 0091-3286/2014/$25.00 © 2014 SPIE

J. Micro/Nanolith. MEMS MOEMS 013012-1 Jan-Mar 2014 - Vol. 13(1)


http://dx.doi.org/10.1117/1.JMM.13.1.013012
http://dx.doi.org/10.1117/1.JMM.13.1.013012
http://dx.doi.org/10.1117/1.JMM.13.1.013012
http://dx.doi.org/10.1117/1.JMM.13.1.013012

Chauhan et al.: Mesoscale modeling: a study of particle generation and line-edge roughness

solution to render the polymer soluble as in the critical ion- pathway of soluble material that envelopes a volume of insol-
ization modef? but also takes into account the chain con- uble material in the solubility crossover region, development
figuration and the interactions of the nonionized part of erodes that insoluble material into the developer stream as an
the chain with the developer and the polymer film. The inter- insoluble particle. It is worthy to note that this analysis is a
action parameters for different species in the system wereimplistic representation of the current problem. Here, varia-
based on experimentally determined interfacial energytion in protection level iz direction has not been considered.
values, and the ionized polymer-developer interaction That is, the influence of film absorbance has been neglected.
parameter was determined by calibrating the simulated dis4n reality, the possibility of connected pathways and the sta-
solution rate response to polymer molecular weight andtistics (size distribution, protection level, etc.) of insoluble
developer concentration against measured vafdes! particles generated depend on the actual 3-D configuration
After the photoresist dissolution is simulated for a given of resist components and the development mechanism.
period of time, the rinse step is simulated. The developerTherefore 3-D mesoscale models for the PEB and dissolution
is replaced with water, and all of the ionized sites of polymer stens discussed in earlier sections are crucial in this study.
chains are deionized. The dangling chains are then settled Tnhe detection of the particles during a dissolution run is
down against the lattice to reach the favored lower energetiGyyortant and requires a suitable search algorithm. The net-
state. Finally, a denser filmir interface is attained with — \york of chains in contact with the substrate defines the bulk
roughness at the surface. The roughness is characterizeigist film, and any group of chains detached from the resist
and analyzed in a later section. film but not dissolved yet is considered as a particle. The
3 Insoluble Particle Generation connectivity beMeen the two chains is determi'ned by_a mini-
L i ) ) ) mum of one direct contact between the chains or indirect
An aerial image profile produces an acid gradient in the o,niact through a series of chains. A simplistic but computa-
exposed resist film. During the PEB, the acid gradient resultsijqn a1y expensive approach for particle detection would then
in a corresponding gradient in the average protection levelyq 4, goan )l the chains for connectivity using any standard
(Ch.em'cal. gradient). There is a certain d_egree of StOChaStI(‘S,earch algorithm such as the breadth first search algorithm.
variation in the gverlagelblockmg IeveI.VF|gu|rshows the  actually, the connectivity of only the interfacial chains, i.e.,
average ptrr?tectlon_ ?_ve _(a}[/r(]arage? Oi’gzl P alnet g_tﬁany . those outer chains that are in direct contact with developer, is
givenx) wi variation In the protection evel at diterent o sufficient and necessary condition for no particle gener-

y along they S z plane as a function of-dimension of a . . . . .
feature. For the sake of argument, assume that the polyme?t'on' The interfacial chains are a small fraction of the total

solubility switch occurs at 25% protection level. The protec- humber of chains and therefore considering them only cuts
tion level to the left ofk Yaa is higher than the solubility down the search time considerably. The interfacial chains are
threshold and therefore, the resist volume is insoluble. Ontra_cked and updated at e_ach Montg Qarlo step and are peri-
the other hand, the protection level to the rightxdfsb odlqally scapned fqr thelr_ conneciivity through |nterfaC|§1I
is lower than the solubility threshold, implying that every- chains. If all interfacial chains are connected then there exists
thing to the right ok ¥ b is soluble. I-iowever there exists N0 particle and the particle search ends. When the interfacial
a solubility crossover region with a finite widthbetween chains are not all connected, then all the chains (interfacial as
X Yaa andx ¥ b where part of the resist volume is soluble well as bulk chains) must be scanned for their connectivity to
(protection level lower than threshold limit) while the rest of identify the particle. This step is computationally expensive
itis inherently insoluble (protection level above the threshold but rare and thus the costly redundancy of scanning all
limit). Solvation of each polymer chain within the soluble the chains each time is avoided. Finally, particle details are
volume paves a path that ailows the developer to penetratéecorded and the particle is removed from the lattice structure
and interact with the lower chain. If there exists a connectedfor the rest of the simulation.

Fig. 1 The average protection level is shown with a solid line (averaged overy S z plane at any given x).
The dotted lines show the limits of one standard deviation in the protection level at differenty along the
y Sz plane as a function of the x-dimension.
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Once a particle has been generated, it can settle on the
tooling, on the wafer, be rinsed away during the rinsing proc-
ess, or dissolve in developer. Investigating the fate of the par-
ticles requires longer tracking and is beyond the scope of the
current work. Figure 2(a) shows the size distribution of the
particles generated during a photoresist dissolution run based
on the typical simulation inputs outlined in the next section.
Here, particle size is actually the number of polymer chains
in the particle. As expected, there is a large number of small
particles and fewer big particles. To give some prospective to
the volume, a single chain occupies 27 nn? in the simula-
tion lattice structure. Once a simulation run is over, different
statistics can be employed to do a postanalysis of the particle
generation study. The total number of particles, average
blocking of the particles, the number average size of the par-
ticles, and volume percentage of particles generated are
shown in Fig. 2(a). For the purposes of this paper, the metric
used to quantify particle generation is the volume percentage
of the insoluble particles in the total resist volume dissolved.
Figure 2(b) shows a snapshot of the dissolution run showing
the particles generated.

The following configuration setup is used for the particle
generation study: a film of APEX type resist with dimensions
of 130x 250x% 100 nm (half pitchx line lengthx film
thicknesy was simulated using a 184x 356x 144 lattice
structure with periodic boundary conditions only along the
line length. The following resist formulation and process
conditions, unless otherwise specified, were used in the par-
ticle generation study. The resist that was simulated is for-
mulated from a polymer with degree of polymerization of
80, 60% protection level, pKa of 10.25, 5 wt. % PAG load-
ing, and 20% quencher loading (relative to PAG concentra-
tion). The exposure conditions involve normalized image log
slope (NILS) equals to 2.41, dose to size with Dill C param-
eter as 0.03 cnd~MJ and the image in resist using PROLITH
for typical KrF resist. The PEB time and the temperature
were 60 s and 90°C, respectively. A development time of
30 s with standard 0.26 N developer concentration was used
in the development step. Typical results reported are an
average of 10 simulation runs. Next, the parametric study
is presented for polymer formulation (molecular weight,

protection level), exposure (dose, NILS), PEB (PAG/
quencher loading, PEB time), and development (developer
concentration, polymer hydrophilicity).

3.1 Polymer Formulation

Figures 3(a) and 3(b) quantify the particle generation for a
resist polymer as a function of degree of polymerization and
composition. The results indicate that the volume percentage
of insoluble particles decreases with increasing polymer
molecular weight. The higher molecular weight enhances the
extent of chain entanglement in the polymer matrix and the
increased entanglement makes the erosion phenomenon
less probable, thereby producing fewer insoluble particles.
Figure 3(b) shows that the particle generation first increases
and then decreases with an increase in the initial protection
level of the polymer. The further the polymer composition is
from the solubility switch protection level, the higher the
possibility is of finding an insoluble volume in the solubility
crossover region. The solubility switch for APEX resists
occurs below 30% protection level under normal develop-
ment conditions, so there is an increase in particle generation
as protection level initially increases above 30%. However,
the particle generation process depends not only on the exist-
ence of an insoluble volume but also on the existence of
a connected pathway of soluble material surrounding the
particle to “erode” the particle from the bulk. The further
increase in the protection level reduces the developer pen-
etration significantly and thus suppresses particle generation.
Therefore, there exists a range of protection levels where the
particle generation is at a maximum. Ideally, the resist should
be formulated with a polymer protection level outside of that
range, depending on other process constraints.

3.2 Exposure

Figures 4(a) and 4(b) show the particle formation as a func-
tion of the NILS of the aerial image and the exposure dose.
An aerial image with a higher NILS produces a steeper
chemical gradient, narrowing the solubility switch crossover
region, which results in a lower insoluble particle generation.
The higher dose increases the acid concentration and

Fig. 2 (a) Particle size distribution for a typical simulation case (average of 10 runs), where the number of
polymer chains corresponds to the particle size. Also shown is the postanalysis data that can be obtained
after the simulation run. (b) A snapshot of one of the simulation runs showing the insoluble particles

generated during the photoresist dissolution.
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Fig. 3 Particle volume percentage as a function of (a) degree of polymerization and (b) initial protection
level of the polymer. In each case, the dose is varied to get the equal line and space width.

a similar argument holds for the effect of higher PAG loading
discussed in the subsequent section. It is worthy to note that
unlike other cases, the exposure dose is varied from the dose
to size in this case and therefore the feature dimension
would vary.

3.3 Postexposure Bake

In Figs. 5(a) and 5(b), the percent of particle volume is plot-
ted against PAG and quencher loading. It can be seen that

higher PAG and quencher loading minimize the fractional
volume of insoluble particles. The higher PAG loading yields
higher acid concentration, which improves the chemical gra-
dient and thus reduces the width of the crossover region
between completely soluble and insoluble regions (as illus-
trated in Fig. 6). Likewise adding quencher (base) to the sys-
tem effectively suppresses the fluctuations in the protection
profile near the feature edge. Figure 7 shows the particle
volume percentage for different PEB times. The volume

Fig. 4 Particle volume percentage as a function of (a) normalized image log slope (NILS) and (b) expo-
sure dose. Es represents the exposure dose to size. For part (a), the dose is varied to get the equal line

and space width in each case.

Fig. 5 Particle volume percentage as a function of (a) PAG concentration (wt. % to the polymer) and
(b) quencher loading (relative to PAG concentration). In each case, the dose is varied to get the equal line

and space width.
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expected to assist in suppressing the particle generation.
However, increased hydrophilicity may result in polymer
swelling and poor patterning due to the low solubility con-
trast. Therefore, the optimal hydrophilicity of polymer com-
ponents is, like most things in resist design, a trade-off.

4 Line Edge Roughness

LER characterization using only the standard deviation of the
line edge neglects the spatial distribution of roughness along
the edge. The quantification of the spectral aspects of LER
requires the set of three parameters, namely sigma value o,
correlation length L, and roughness exponent . The sigma
value is the standard deviation of the line edge and com-
monly reported as LER. The correlation length represents
the length scale after which the line edges are uncorrelated.
Also, the roughness exponent is indicative of the relative
contribution of high-frequency fluctuations to LER. The
lower the value of roughness exponent, the higher the con-
tribution from high-frequency fluctuations. The power spec-
tral density (PSD) function is generally employed to examine
the frequency content of roughness and is the edge variance
per unit spatial frequency. Mathematically, it is evaluated as
the square of the modulus of the Fourier transform of the line
edge divided by the normalization factor equal (or propor-
tional) to the length of the measured line. Figure 9 shows
a schematic plot of the PSD function. It shows that the dis-
tribution of the magnitude of LER variance as a function of
spatial frequency with the area under the PSD curve equals
the square of the sigma value. The correlation length corre-
sponds to the frequency around which the PSD curve has the
onset of the downward slope. For the length scale higher than
the correlation length, i.e., in the low-frequency region, the
random noise is uncorrelated. However below the correlation
length L, i.e., at higher frequencies, the roughness is corre-
lated and the slope of the PSD curve is dependent on the
roughness exponent. The following function can be used
to fit the PSD curve to extract the relevant parameters:

psdf b, 1
pscoP ' 1p 827 - fL P

52 b B (1)

where f is the spatial frequency and B is added to account for
any white noise.!*?> The roughness sigma value can be
obtained either by determining the area under the PSD
curve or directly evaluating the standard deviation of the
line edge. Different mechanisms contribute to the formation

-Slope =1+ 2a

PSD (nm2/jum1)

2
O“Ler

T
'
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n
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Fig. 9 Schematic plot of PSD function for line-edge roughness illus-
trating the characterization parameters, namely sigma value o, corre-
lation length L., and roughness exponent a.
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of LER, including inhomogeneity of the resist components,
illumination optics, reaction coupled diffusion during PEB,
and polymer dissolution. In principle, each mechanism
should have a different LER response and the PSD analysis
could be used to assess the relative contribution of different
lithographic steps in low-/high-frequency domain. It is wor-
thy to note that in the current study, LER reflects the edge
roughness only from the prospective of lithographic steps.
Subsequent steps, like etch, may have been shown to
have an effect on LER, correlation length, and roughness
exponent.?®

A film of APEX type resist with dimensions of 65x
500% 100 nm [X-, Y-, Z-dimensions in Fig. 10(a)] was
simulated using a 92x 712x 144 lattice structure with peri-
odic boundary conditions in X- and Y-directions. The choice
of the dimensions is directed to capture the low-frequency
aspects of LER in Y-dimension. The resist that was simulated
is formulated from a polymer with degree of polymerization
of 80, pKa of 10.25, and 5 t. % PAG loading. The PEB time
and the temperature were 60 s and 90°C, respectively. A
development time of 15 s with standard 0.26 N developer
concentration was used in the development step. Any pat-
terned line after the dissolution step would have a sidewall
angle depending on the various processing steps involved.
The calculation of LER is therefore highly dependent on the
choice of the XY plane for determining the line edge.
Therefore, an open frame development is used in the disso-
lution step and the roughness is evaluated as the film thick-
ness variation in the Z-direction along the Y-direction at
different X values. Figure 10(b) shows the film thickness
variation roughness along the Y-direction at three X values.
The final PSD curve reported is an average of PSD curves
obtained at different X values from 20 simulation runs. In
addition to PEB and the development step, the aerial and
resist image profile also affects the LER. To eliminate any
contribution from the optics to the roughness, a step profile
of an acid concentration is used in the PEB step. Any PAG
within the given top section of the film is converted to acid,
effectively simulating the exposure with NILS equals to
infinity.

4.1 Dissolution

This section examines the characteristics of the roughness
due to the dissolution of homopolymer (unprotected or par-
tially protected). Figures 11(a) and 11(b) show the PSD
curves and fitted parameters of roughness due to the disso-
lution of unprotected polymer for the different dissolution
times depicting the dynamic behavior of roughness. One can
see that the roughness sigma value (area under the PSD
curve) rapidly increases as the time progresses and the
roughness increases in the entire (low/high) frequency
domain. Also, the correlation length increases fast with time
as shown by the left shift of the onset frequency for corre-
lated roughness in Fig. 11(a). Both the roughness and the
correlation length finally saturate in  1s and do not
show much increase after that. However, this saturation
could be the artifact of the finite length of the line (500 nm
in this case) simulated. The length of the line examined
should be more than six to 10 times the correlation length
to get the stable roughness sigma value.?” After the initial
growth, the roughness exponent remains similar, implying that

Jan—-Mar 2014 - Vol. 13(1)
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Fig. 12 (a) PSD curves and (b) fitted parameters (sigma value and roughness exponent) of roughness
due to the dissolution of 10% protected polymers of different molecular weights.

Fig. 13 (a) PSD curves and (b) the fitted parameters of roughness for polymers of different molecular
weights after the PEB and the dissolution step.

crossover frequency. This crossover results in different con-crossover frequency region), the polymer with the higher
tributions to roughness in low-/high-frequency domain for molecular weight has higher roughness sigma value. The
different polymer molecular weights. In the low-frequency net result is that the overall sigma value of the roughness
region (left of the crossover frequency region), the polymer accounting for all frequencies is not strongly dependent on
with the lower molecular weight has higher roughness sigmathe polymer molecular weight when PEB and dissolution
value, while in the high-frequency region (right of the both are considered.

Fig. 14 (a) PSD curves of polymers with different molecular weights for reduced acid diffusivity,D 5.
(b) The roughness sigma value responses for different molecular weight polymers for the three cases
considered above, i.e., no PEB in Fig.12(a), PEB with acid diffusivityD 5 and D in Figs. 14(a) and 13(a).
The sigma values in each case are normalized with the values for the polymer with degree of polym-
erization of 40, i.e., 2.1, 2.4, and 3.6 nm, respectively.
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Fig. 15 (a) PSD curves and (b) the fitted parameters of roughness (sigma value and correlation length)
for different amounts of acid diffusions during the PEB. The sigma and the correlation length are
normalized with the values at normal acid diffusivity O), i.e., 3.7 and 7.2 nm, respectively.

The difference in the two cases compared in Fig¢a) domain. Figurd4(b)summarizes the roughness sigma value
and13(a)is due to the different roughness responses to theresponse for different molecular weight polymers for differ-
polymer molecular weights in low-frequency region. In the ent cases considered above in Fig¥a) 13(a) and14(a)
high-frequency region, the higher molecular weight polymer The sensitivity of roughness sigma value to polymer molecu-
has higher sigma value in both the cases and therefore onar weight is the most for the purely dissolution case. How-
can argue that the dissolution is the dominant mechanism irever, as the acid diffusion increases, the roughness sigma
high-frequency region and the dissolution results in a lower value becomes less sensitive to polymer molecular weight
roughness sigma value with smaller polymer size or radius offor the range of diffusivities examined in the current study.
gyration. On the other hand, the different roughness This analysis suggests that the role of polymer molecular
responses in the low-frequency region due to the introductionweight with respect to the LER is contingent on the extent
of PEB in the latter case suggests that the underlying noiseof acid diffusion. At low acid diffusion, the dominant mecha-
due to the acid diffusion during PEB is the dominant con- nism for LER generation is dissolution and lower polymer
tributor to the low-frequency roughness and it is the PEB molecular weight would result in lower LER. With higher
that results in higher roughness sigma at the lower polymeracid diffusion and PEB as the dominant mechanism, the
molecular weights. lower polymer molecular weight produces the same or

Polymer dissolution (without PEB) can be considered aseven higher LER. This result could be particularly relevant
the extreme case of polymer dissolution (with PEB) as theto the molecular glass commuriityyhere significant effort
acid diffusion approaches zero. Therefore, the roughnesdas been focused on the use of lower molecular weight poly-
response to the polymer molecular weight could be con-mer materials as a means to reduce LER.
trolled by altering the acid diffusion. Figutd(a)shows the The other commonly proposed measures for reducing
PSD curves of polymers with the different molecular weights LER, namely low acid diffusivity and the use of quenchers,
for reduced acid diffusivity. The reduction in acid diffusion were assessed (keeping the polymer molecular weight con-
results in the molecular weight response with the negligible stant at a degree of polymerization of 80). Figure@)and
difference in the low-frequency region and the similar 15(b) show the PSD curves and the fitted parameters of
response as observed for earlier cases in the high-frequencsoughness for different amount of acid diffusions. The

Fig. 16 (a) PSD curves and (b) the fitted parameters of roughness (sigma value and correlation length)
guantifying the effect of quencher loading (relative to PAG moles) on the roughness. The sigma and the
correlation length are normalized with the values at 0% quencher loading, i.e., 3.7 and 7.2 nm,
respectively.
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roughness sigma value decreases with the lower acid diffu-10

sion and the reduction mainly occurs in low frequency. Also, 11.
the correlation length decreases with the lower acid diffu- 12.

sion. Figuresl6(a) and 16(b) show the PSD curves and

the fitted parameters of roughness quantifying the effectias.

of adding quenchers on the roughness. Similar to lower
acid diffusivity, the addition of quenchers also reduces the

roughness sigma value predominantly in the low-frequency1s.

region. The correlation length shows the same trend. These

observations further support the claim that the underlying 16.

noise due to the PEB step mainly contributes to low-
frequency roughness.

5 Conclusions

A mesoscale model has been adapted to study particle gen-
eration during photoresist dissolution. New PEB and disso-
lution models have been incorporated that allow exploration

18.

of statistical excursions in the development path due toZ20.

variance around the mean protection level. Particles are

generated during photoresist dissolution when there is a con21.

nected pathway of soluble material that envelops a volume

an insoluble material. An extensive parametric study wasyo.

done to assess the extent of particle generation as a function
of polymer formulation (molecular weight, protection level),

exposure (dose, NILS), PEB (PAG/quencher loading, PEB 23.

time), and development (developer concentration, polymer

hydrophilicity). The relative contributions of the PEB and ,,

the dissolution steps to LER in the low-/high-frequency
domain have also been investigated. Dissolution predomi-
nantly affects the high-frequency roughness while the
PEB has the greatest impact on LER in the low-frequency

domain. The commonly proposed measures to reduce LERS:

such as the use of low molecular weight polymers, addition

of quenchers, varying acid diffusion length, etc., were 27

assessed. This study can provide a means to guide material
design and optimize process conditions to minimize particle
generation and LER.
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