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Exposure of polymethylmethacrylate (PMMA) during electron beam lithography (EBL) produces

small polymer fragments that dissolve rapidly during the development process. The resist

dissolution behavior varies greatly depending on the nature of the developer (solvent) and therefore

influences the selection of the EBL parameters, such as dose (sensitivity). A molecular scale

examination of the development process is necessary to elucidate the resist–developer interaction

mechanisms. In this work, the authors investigate the interaction of short PMMA chains

(containing up to 10 MMA units) with common developer components methyl isobutyl ketone

(MIBK) and isopropyl alcohol (IPA). For this purpose, the authors conduct molecular dynamics

simulations using the Accelrys Materials Studio package. The simulation results were used to

characterize the mixtures in the spirit of the Flory–Huggins theory of polymers and also to extract

the diffusivities. The authors found that the behavior of PMMA fragments differed considerably in

MIBK as compared with IPA. PMMA fragments containing more than three monomers exhibit

stronger attractive interaction with MIBK. For all fragment sizes simulated, the diffusivity of

PMMA fragments is 60–160% higher in MIBK as well. Similarly, the authors observed differences

in the gyration radii. The authors conclude that the kinetic factor seems to be more significant as

compared to affinity factor when accounting for differences in exposure sensitivities due to

developer selection.VC 2012 American Vacuum Society. [http://dx.doi.org/10.1116/1.4766318]

I. INTRODUCTION

Polymethylmethacrylate (PMMA) is the most widely

used resist for electron beam lithography (EBL). PMMA

formulations for nanofabrication contain chains that are

thousands of monomer units in length. PMMA has been tra-

ditionally and predominantly used as a positive-tone resist;

however, it may also be used as a negative-tone resist if an

approximately one-order higher exposure dose is used.

Under electron beam irradiation, the various physicochemi-

cal changes giving rise to positive and negative-tone behav-

ior occur simultaneously1 with the dominant mechanism

dependent on various material and experimental factors.

Although negative-tone PMMA behavior may yield process-

ing advances under special processing conditions,2 this

regime is rarely used for actual nanofabrication.

In positive-tone regimes the chain scission prevails,

which drastically reduces the chain lengths. Depending on

the dose, PMMA may degrade down to single monomer3,4

units; however, due to the statistical nature of electron scat-

tering a typical electron beam exposed volume will contain a

distribution of chain lengths.5 Other proposed electron beam

exposure products of PMMA include gaseous and liquid vol-

atiles such as CO2, CH4, CH3OH, etc., and occasionally,

derivatives with one unsaturated bond; however, such unsat-

urated specie has a very low production efficiency. Due to

the above reasons, at nominal clearance doses, it is safe to

assume that the scission products of PMMA are shorter

versions of the original unexposed chains. In a suitable

developer6 (solvent), it has been assessed that small PMMA

chains less than approximately 10 monomers in length5 are

preferentially soluble, with the details depending on the

developer.

It is known that the development process depends on the

kinetic and thermodynamic compatibility of the resist and

the developer.7 A number of developers have been employed
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for PMMA, e.g., methyl isobutyl ketone (MIBK), isopropyl

alcohol (IPA), ethoxyethanol (Cellosolve), xylene, GG-

developer (LIGA developer), etc., and it has been observed

that the sensitivity (electron dose required) for EBL pattern-

ing varies depending on the strength of the developer. For

example IPA, a weak developer for PMMA,8 requires up to

4.3 times higher dose for EBL as compared to MIBK, which

is a strong developer for PMMA. From a processing perspec-

tive, often a mixture of strong and weak developers is

desired, e.g., MIBK:IPA in various volume fractions.9 Such

a binary component developer yields significant improve-

ments in feature resolution at a cost of process sensitivity.

Understanding the differences in sensitivity with changing

developer requires an examination of the postexposure

development stage at the molecular scale. Such understand-

ing is crucial for rational optimization of the EBL process as

the wet development stage is the most limiting step in

nanolithography.

The solvent penetration into the polymer and subsequent

polymer dissolution is kinetically controlled.10 The diffusivity

of the solute can be described by an Arrhenius rate law,

D ¼ D0e
�Ea

kT , where Ea is the activation energy, k is the Boltz-

mann’s constant, T is the temperature, and D0 is the coeffi-

cient. This coefficient is a function of fragment molecular

weight Mf and solvent characteristics. The mobility of poly-

mer fragments decreases with increasing fragment size.4 Vari-

ous functional forms for D0 exist in literature, for example,

D0 � Mf
�a where a is a fragment size dependent exponent.

The value of a varies from �1 in a dilute solution11 or in a

polymer melt containing only small fragments (Rouse

regime) to �2 in dense polymer melts (entanglement

regime).12–14 The fragment molecular weight (chain length n)

in turn can be related to electron beam exposure dose.12,15

The affinity of resist–developer mixture can be studied

using the Flory–Huggins (F–H) lattice theory.16,17 In contrast

with regular solution theory,18 the F–H theory successfully

handles the mixing of species with very different molecular

weights, such as a polymer and a developer liquid. Predicting

the miscibility of such a binary mixture requires computation

of the F–H interaction parameter (v). A number of research-

ers from the EBL community such as Sharma et al.19 and

Hasko et al.20 have qualitatively discussed the development

stage using arguments from the F–H theory. Hang et al.21

have calculated the v parameters using the Hansen solubility

parameters (SP) method for identifying PMMA removers.

Similarly, Olynick et al.22 have used Hansen’s SP for calcu-

lating v for mixtures of calixarene resist and numerous

liquids, and have found a correlation between resist–devel-

oper solubility and contrast (c). None of these studies take

into consideration dissolution of exposed fragments, and

instead rely on tabulated data of the Hansen’s SP for calcula-

tions. Moreover, the approach for calculating v based on

Hansen SP suffers from certain drawbacks, e.g., it is unable

to describe the concentration dependence of v,23 yields only

positive v values,17,23 and has a limited applicability for

hydrogen bonds or other strong polar interactions.17

Experimental studies of the dissolution of low molecular

weight resist fragments are challenging due to their small

size and low concentration in solution. Sizes of PMMA frag-

ments which typically arise in EBL processes are less than

5 nm and have concentrations in the ng/ml to lg/ml range

under typical experimental conditions. Molecular dynamics

(MD) simulation is a suitable technique that can be used to

meet this challenge. The nanolithography community is

increasingly using MD for various applications. MD has

been used for studying the acid diffusion in chemically

amplified resists,24 the effects of scribing feed in scanning

probe lithography,25 and more recently for studying the vari-

ous aspects of nanoimprint lithography.26–28 MD has also

been used extensively to study polymer behavior in various

environments; in regard to polymer miscibility, Apel et al.29

have studied the dissolution of unexposed PMMA chains

(degree of polymerization n� 1000) in benzene. However,

such lengths are not representative of typical exposed

PMMA fragments and exhibit different dissolution trends.

Patnaik and Pachter30 have studied the miscibility of PMMA

chains (n� 1, 2, 3, 100, 200) in a low molecular mass liquid

crystal and calculated the interaction parameter v based on

MD simulations using BLENDS and DISCOVER software

modules (Accelrys Materials Studio Package31). De Arenaza

et al.32 and Fu et al.33 have also used Accelrys Materials Stu-

dio for calculating the v parameter for various polymer

blends. In addition to allowing researchers to address the

interaction of various species, MD has the advantage to ena-

ble the study of kinetic and statistical-mechanical aspects.

In this work, we study the miscibility of short PMMA

chains (n� 10) with MIBK and IPA developers by conduct-

ing MD simulations in Accelrys Materials Studio. Although

the resist–developer interface is not included in these simula-

tions explicitly, the simulation setup is chosen such that both

solute–solute and solute–solvent interactions occurring in a

proximity of the resist–developer interface could be

addressed. The simulation data are characterized using the

F–H theory, and the fragment–developer interaction parame-

ters are computed. The differences in the radii of gyration in

MIBK and IPA are examined, and the fragment diffusion

coefficients (diffusivities) are also extracted. The behavior of

PMMA fragments in both developers is compared in light of

lithography observations.

II. MODELING AND ANALYSIS

We study the miscibility of PMMA fragments with

degree of polymerization n¼ 1, 2, 3, 4, 6, 8, and 10 in devel-

opers MIBK and IPA (see Fig. 1). Prior to running simula-

tions for the binary mixtures PMMA(n):MIBK and

PMMA(n):IPA, we perform MD simulations for each of the

pure components PMMA(n), MIBK, and IPA. Where the

physical properties of pure components are experimentally

known, e.g., the densities of MIBK and IPA, these known

values are used to find the optimal simulation parameters

and to compute the simulation system properties, such as the

volume and potential energy. Where the properties are

experimentally unknown, e.g., in the case of PMMA(n) for

all n, these properties can be computed with confidence

using the optimized MD simulation parameters obtained
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previously. The obtained quantities from the pure compo-

nents are used as input data for simulating the mixtures

PMMA(n):MIBK and PMMA(n):IPA.

A. Molecular dynamics simulations

The simulation strategy is summarized in Fig. 2. For each

component (PMMA(n), MIBK, and IPA), a set of molecules

is assembled and energy minimized. An isothermal–isobaric

(NPT) ensemble dynamics simulation is conducted to deter-

mine the system density. The equilibrated system is sub-

jected to a canonical (NVT) ensemble dynamics simulation

to obtain the potential energies. The above process is

repeated for the PMMA(n):MIBK and PMMA(n):IPA binary

mixtures following which the F–H interaction parameters

can be calculated. The binary mixtures are also subjected to

a microcanonical (NVE) ensemble dynamics simulation—

the result of which is analyzed to obtain the fragment diffu-

sivities and radii of gyration.

All of the MD simulations and analysis, except for the

calculation of the F–H interaction parameters, are conducted

using Accelrys Materials Studio31 package. All simulation

systems are constructed at ambient conditions (295K

and 1 atm) with periodic boundary conditions using the

AMORPHOUS CELL module. The default force-field used

by Materials Studio is COMPASS,34 which is suitable for our

systems. The AMORPHOUS CELL module is also used for

the energy minimization (10 000–100 000 steps) using the

conjugate gradient method. The DISCOVER module is used

for all NPT, NVT, and NVE dynamics runs. The system ener-

gies, fragment mean squared displacement (MSD), and gyra-

tion radii are obtained using the FORCITE module. Where

applicable, the Andersen35 thermostat (collision ratio 1) was

used for the temperature control and the Berendsen36 barostat

(decay factor 0.08–0.09 ps) was used for the pressure control.

Group-based summations were used for the nonbond (van der

Waals and Coulomb) interactions and a cutoff of 12.5 Å (3 Å

spline, 1 Å buffer, long range correction) was used.34 The

charge groups were assigned manually for the developers and

automatically for the PMMA fragments. The effect of hydro-

gen bonding is implicitly contained in the nonbond interac-

tion terms. Constraint algorithms were not used. These

simulation parameters were determined through extensive

testing and verification, e.g., the Andersen35 thermostat and

Berendsen36 barostat were found to be the most accurate in

maintaining the temperature and pressure within desired lim-

its. Similarly, the simulation times for individual dynamics

runs were carefully selected. Unless stated, the parameters

are kept constant in all simulations.

1. Developer simulations

The experimental densities of developers MIBK and IPA

are known to be 0.801 and 0.785 g/cm3, respectively. Two

separate systems containing 500 molecules each of MIBK

(9500 atoms) and IPA (6000 atoms) were constructed,

energy minimized, and subjected to NPT dynamics for

FIG. 1. (Color online) Visualization of a PMMA monomer PMMA(1) with

its chemical formula and an MD simulation box containing PMMA(10)

chains in MIBK developer.

FIG. 2. Flowchart of MD simulation strategy.
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1000 ps (1 fs step sizes) using the previously described

parameters. The simulated densities were found to be 0.805

and 0.803 g/cm3, respectively, within 2.3% of experimen-

tally known values.37 The density equilibrated systems were

further subjected to NVT dynamics for 1000 ps (1 fs steps)

to determine the potential energies.37

2. PMMA fragment simulations

The first step is to obtain the unknown densities of

PMMA fragments by NPT dynamics. In this work, we con-

sider only the isotactic conformations of PMMA fragments.

The number of PMMA(n) molecules used for each fragment

size is given in Table I. We attempted to keep the number of

residues (monomers in system) constant; however, more

important was maintaining the minimum image convention,

i.e., the unit cell’s length is at least the length of the

PMMA(n) molecule at full stretch þ (2� cutoff radi-

us)þ 5 Å. Therefore, each unit cell has 9000–10 000 atoms

for PMMA(1)–PMMA(6) and approximately 18 000 atoms

for larger chain sizes corresponding to unit cell sizes of

45.5–57.4 Å. The total NPT simulation duration was 1250 ps

(1 fs steps) which comprised a 1000 ps equilibration run and

a 250 ps production run. Following NPT dynamics, the

PMMA(n) systems were subjected to NVT dynamics for

1000 ps (at 1 fs steps) to obtain the potential energies.37

3. PMMA fragment and developer mixture simulations

The PMMA fragment and developer mixture systems are

constructed such that the polymer fraction is approximately

16.7% by mass. Therefore, this polymer solution may be

considered as semidilute and such a polymer concentration

is appropriate for studying the resist–developer interface

environment. The number of molecules in the PMMA(n):

MIBK and PMMA(n):IPA binary mixtures is given in

Table I. In both mixtures, the number of PMMA(n) residues

is kept constant while simultaneously maintaining the mini-

mum unit cell size as described in Sec. II A 2. The unit cell

sizes for the PMMA(n):MIBK and PMMA(n):IPA mixtures

range from 52.2 to 52.8 Å and from 52.5 to 53.0 Å, corre-

sponding to 13 324–13 440 and 13 824–14 040 atoms,

respectively.37 The binary systems were subjected to NPT

dynamics for 350 ps (0.5 fs step size for improved accuracy)

including a 250 ps equilibration and a 100 ps production run

followed by NVT dynamics for 1000 ps (at 1 fs steps).

B. Analysis of short chain miscibility

The Flory–Huggins equation for the free energy of mix-

ing17 consists of both entropic and enthalpic parts. As the

entropy contribution generally favors mixing, the determin-

ing factor for miscibility in the F–H equation is the enthalpic

part, which reads

v ¼ DH

RTusup

; (1)

where DH is the change in the enthalpy of mixing; R is the

gas constant; T is the temperature; and us and up, respectively,

are the solvent and polymer volume fractions. In Eq. (1), DH

is related to the change in the energy of mixing DEmix by a

simple relation DH ¼ DEmix=Nlatt, where Nlatt is the number

of so-called lattice sites in the system. Further, DEmix ¼ Emix

� nsEss � npEpp, where Emix is the energy of the binary mix-

ture and Ess and Epp are the energies of developer and

PMMA(n) fragments taken separately, and ns and np are the

number of developer and PMMA(n) fragments, respectively.

Therefore, we can rewrite Eq. (1) in terms of quantities that

can be obtained through MD simulations as follows:

v ¼ Emix � nsEss � npEpp

RTNlattusup

: (2)

The aforementioned approach has been implemented in

MATLAB and is referred to as the F–H model in Fig. 2. It is

known that for a given polymer–solvent mixture, the compo-

nents are miscible under the condition v< vc where vc is the

critical interaction parameter,17 given by

vc ¼
1

2
1þ 1

ffiffiffi

n
p

� �2

: (3)

From this equation, we observe that vc¼ 2 for n¼ 1, and vc

! 0.5 as n!1. Therefore, in a binary mixture, phase sepa-

ration or segregation of components occurs for large chain

polymers as long as v is larger than vc¼ 0.5 with vc increas-

ing as the polymer chain size decreases.

C. Analysis of short chain diffusivity and gyration
radius

In an NVE dynamics run, the thermostat and barostat are

turned off and a trajectory file containing sequential snapshots

of fragment motions through the developer can be obtained.

After selecting the fragments of interest, the MSD can be

obtained using the FORCITE module. Excluding the initial

few snapshots where the fragments exhibit ballistic motion,

the MSD plot would normally be linear. Calculating the slope

of the linear region yields the fragment diffusivity D,

D ¼ 1

6N
lim
t!1

d

dt

X

N

i¼1

h½riðtÞ � rið0Þ�2i; (4)

TABLE I. MD simulation composition for PMMA fragments and mixtures.

n

PMMA(n)

molecules

PMMA(n):

MIBK molecules

PMMA(n):

IPA molecules

1 600 120:600 120:1000

2 300 60:600 60:1000

3 200 40:600 40:1000

4 150 30:600 30:1000

6 100 20:600 20:1000

8 150 15:600 15:1000

10 120 12:600 12:1000

Number of atoms in PMMA pure component simulations 9200–18 340, in

PMMA(n):MIBK mixtures 13 224–13 440, and in PMMA(n):IPA mixtures

13 824–14 040.
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where N is the number of atoms in the system, and ri is the

position of the ith atom at a time snapshot (simulation frame)

t. Calculating the diffusivity of each fragment and plotting

the diffusivity versus the fragment size allow extraction of

the exponent a which determines the fragment size depend-

ence of the diffusivity, D0 � Mf
�a. The radius of gyration

Rg can also be found for the fragments of interest using the

FORCITE module after an NVE simulation.

III. RESULTS AND DISCUSSION

The NPT and NVT dynamics simulations were conducted

sequentially for all pure components (PMMA(n), MIBK, and

IPA) and binary mixtures (PMMA(n):MIBK and PMMA(n):

IPA). Results from all simulations are archived in Ref. 37. In

this section, we present the relevant results from the binary

mixture simulations. The equilibrated volumes and densities

of the PMMA(n):MIBK and PMMA(n):IPA binary mixtures

after NPT dynamics are presented in Fig. 3. As the PMMA

fragments become larger, the volume and density rapidly

change and subsequently tend to saturate. The increase in

mixture density with increasing PMMA fragment size is con-

sistent with the PMMA(n) NPT simulations.37 As the

PMMA fragments become larger, the density of the system

should approach the PMMA bulk density of 1.19 g/cm3. The

potential energies of the binary mixtures after NVT

dynamics are presented in Fig. 4. The large negative energies

of the mixture suggest an exothermic (spontaneous) mixing

process, consistent with our expectations. The difference in

the energies of mixing of PMMA fragments with MIBK and

IPA is not directly representative of the relative affinities

because of different masses and volumes of the solvents

involved. These factors are accounted for in the Flory–Hug-

gins mixing parameter v, which we have computed in order

to compare the affinities.

The Flory–Huggins v parameters for the binary mixtures

are presented in Fig. 5. With increasing PMMA fragment

sizes, initially the v parameters rapidly decrease followed by a

saturation behavior. With the exception of PMMA monomers

(n¼ 1) and dimers (n¼ 2) in MIBK, all small PMMA frag-

ments exhibit a tendency to mix with MIBK and IPA develop-

ers. The behavior of PMMA monomers and dimers can be

interpreted as limited miscibility with MIBK developer.

Limited miscibility with a solvent developer may be inter-

preted as very small fragments tending to aggregate when

exposed to the solvent. This hypothesis is currently under

investigation. According to Fig. 5, v decreases with increasing

fragment size and tends to saturate beyond fragment sizes

n¼ 6. PMMA fragments with n> 3 exhibit somewhat stron-

ger attractive interaction with MIBK as compared to IPA.

However, this trend does not fully explain the observed strong

differences in sensitivities between the developers and their

mixtures observed experimentally.8

Since the described simple considerations of intermolecular

affinity appear to be insufficient to explain the different solu-

bility of PMMA in two developers, the data provided by MD

need to be studied in further detail to understand the dissolu-

tion behavior. Therefore, we have analyzed the radius of gyra-

tion (Rg) of PMMA fragments of various sizes, as provided by

the NVE simulations. The corresponding distributions of Rg

for n¼ 1 and 10 in MIBK and IPA solvents are presented in

Fig. 6. For the monomer [Fig. 6(a)], there is no difference in

Rg between the two developers, as one could expect; however,

in the case of PMMA(10) [Fig. 6(b)] the fragments exhibit a

different Rg distribution in IPA as compared to MIBK. As can

be seem from Fig. 6(b), PMMA(10) fragments exposed to

IPA exhibit four distinct maxima in the Rg distribution at 5.5,

6.2, 6.7, and 7.3 Å. The most probable gyration radius in IPA

(6.2 Å) is smaller than in MIBK (6.5 Å).

FIG. 3. (Color online) Volume and density of mixture for PMMA fragments

containing n monomers in MIBK (circles) and IPA (diamonds) developers

obtained after isothermal–isobaric (NPT) ensemble simulation.

FIG. 4. (Color online) Energies of mixture for PMMA fragments containing

n monomers in MIBK (circles) and IPA (diamonds) developers obtained af-

ter canonical (NVT) ensemble simulation.

FIG. 5. (Color online) Flory–Huggins interaction parameters for PMMA

fragments containing n monomers in MIBK (circles) and IPA (diamonds)

developers. Also plotted is the critical interaction parameter below which

mixing is promoted.
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The results shown in Fig. 6 are compatible with the

known dependence of the polymer chain conformation on

the solvent quality. Generally, polymers exhibit expanded

conformations in good solvents whereas they adopt col-

lapsed (folded) conformations as well as tend to aggregate in

poor solvents. Thus, a fragment with an expanded conforma-

tion will have a large Rg, whereas a fragment with a folded

conformation will have a smaller Rg. This property has been

employed by Yasin et al.38 to select the proper PMMA

developer mixture for achieving ultrasmall (<5 nm) nanoli-

thography patterns using ultrasonic development. Further to

this, Nakamura et al.39,40 and Nakata et al.41 have performed

experimental studies of dissolution of long PMMA chains

(n� 16 000) in an alcohol and water mixture and found that

both chain aggregation and chain collapse occur in such mix-

tures.39 They also demonstrated that chain collapse tends to

occur before the aggregation.41

Therefore, our simulation results from Fig. 6(b) can be

interpreted as the PMMA fragments tending to adopt rela-

tively collapsed conformations, represented by the peaks of

Rg at 5.5 and 6.2 Å when exposed to IPA, a weaker solvent

than MIBK. Although it is unclear yet from the MD data

whether chain aggregation also is occurring in IPA solvent,

one can conclude that the conformations adopted by longer

chains in IPA are different from those in MIBK. This may

explain why the interaction parameters v of longer PMMA

fragments in MIBK and IPA are close: after equilibration,

the flexible chains adopt such a configuration that their

affinity to either solvent is increased, leading to similar v

parameters. However, the experimentally observed differen-

ces in the performance of the MIBK and IPA solvents still

require an explanation, for which reason we have also com-

puted the diffusivities of PMMA fragments in the two

solvents.

The diffusivity of PMMA fragments in MIBK and IPA is

presented in Fig. 7. The decreasing diffusivity with increas-

ing fragment lengths is evident as expected and the power

law fitting parameter a is close to 1 in agreement with the

Rouse regime.14 The magnitude of PMMA fragment diffusiv-

ities (between 6� 107 and 7� 108 nm2/s) in MIBK and IPA

are also compatible with the experimentally measured coeffi-

cients of self-diffusion of various compounds such as hydro-

carbons, which is on the order of 108 nm2/s.42 Finally, we

observe that the diffusivity of PMMA fragments is 60–160%

higher in MIBK as compared to IPA. Therefore, we conclude

that the kinetic factor seems to be more significant as com-

pared to thermodynamic factors when accounting for differ-

ences in EBL process sensitivities due to developer selection.

IV. CONCLUSIONS AND RECOMMENDATIONS

In order to understand the EBL development process, we

have conducted a MD study of the dissolution of small

PMMA chains containing up to 10 monomers in MIBK and

IPA developers. Using Flory–Huggins theory of polymers,

we calculate the fragment–developer interaction parameters.

In addition to helping understand the dissolution behavior,

calculation of the F–H v parameter also allows the parame-

terization of statistical-mechanical and kinetic theories of

resist dissolution43 required for the rigorous modeling44 of

the development process. Furthermore, we extract the frag-

ment diffusivities and examine the gyration radii in both

developers. We observe that MD reveals differences in

statistical-mechanical properties, miscibility, and kinetic

behaviors of PMMA in MIBK and IPA solvents. In sum-

mary, we have the following conclusions:

(1) Larger PMMA fragments (n> 3) exhibit a slightly stron-

ger attractive interaction with MIBK as compared to

IPA.

FIG. 6. (Color online) Radii of gyration of PMMA fragments containing

(a) one monomer and (b) ten monomers in MIBK (solid lines) and IPA

(dashed lines) developers obtained after microcanonical (NVE) ensemble

simulation.

FIG. 7. (Color online) Diffusivity of PMMA fragments containing n mono-

mers in MIBK (circles) and IPA (diamonds) developers computed from MSD

obtained after microcanonical (NVE) ensemble simulation. The power law

(const.� n�a) fitting parameters (a) are also presented for both developers.
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(2) When exposed to IPA, PMMA fragments tend to adopt

smaller gyration radii than in MIBK. Preferred gyration

radii have been identified.

(3) The diffusivity of PMMA fragments is 60–160% higher

in MIBK as compared to IPA.

We conclude that the difference in experimentally observed

dissolution behavior of PMMA resist in the various developers

can largely be attributed to the kinetic factor (difference in dif-

fusivities). The hypothesized tendency of PMMA fragments

to collapse and/or aggregate when exposed to IPA, as well as

entropic factors, could also play a role. Recommendations for

further work include (1) simulating larger model systems

including longer chains and longer time durations, (2) address-

ing more solvents to include very strong solvents and nonsol-

vents such as acetone and water, respectively, (3) studying the

dissolution behavior of PMMA fragments in mixed solvents

such as MIBKþ IPA and IPAþWater, etc., using modified

Flory–Huggins equations, and (4) studying the PMMA frag-

ment transport away from the resist surface using multiscale

modeling techniques.
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