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Synopsis

Fundamental models have been developed to describe swelling and dissolution of glassy
polymer thin films. The models account for solvent penetration by either Fickian or Case II
diffusion mechanisms. The convective flux due to local swelling as the solvent penetrates is
included. Chain disentanglement at the polymer-developer solution interface is scaled with the
local solvent concentration and polymer molecular weight using reptation theory. The effective
surface concentration during dissolution is estimated by applying thermodynamics of swollen
networks to the entangled polymer. Swelling and dissolution of thin polymer films have direct
application to microlithography. Various molecular and processing parameters affect the outcome
of resist development. The utility of the models for selecting appropriate developer solvents,
minimizing resist swelling, and providing a better understanding of the swelling and dissolution of
resists is demonstrated.

INTRODUCTION

Thin polymer films are used for lithographic image transfer during the
fabrication of microelectronic devices. After irradiation in selected areas, resist
films are immersed in a solvent to develop the image. Often the maximum
circuit density is dictated by the resolution limits of lithography, and these
limits depend critically on the development step. If swelling is appreciable,
then features will be distorted, and if dissolution is too rapid to control easily,
undercutting due to overdevelopment will result. Thus, swelling and dissolu-
tion rate must be tightly controlled.

Swelling results from the penetration of solvent into the polymer. Solvent
penetration involves diffusion of solvent molecules through the polymer ma-
trix and local relaxation of polymer segments. The relative rates of relaxation
and diffusion can be described by a diffusional Deborah number,’?

Dp = tp/tp (1)

where tr is a characteristic relaxation time of the polymer—solvent system
and t, is the characteristic diffusion time. For rapid relaxation rates, i.e.,

small D, values, penetration is diffusion limited and normal Fickian trans-
port is observed; this mode is common for penetration in rubbery polymers.
Fickian diffusion is also observed for large values of Dp, (> 10). At such high
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Fig. 1. Concentration profiles and boundary positions for (a) Fickian and (b) Case II penetra-
tion models. The gel-solvent interface (GSI) and gel-glass interface (GGI) are denoted by x; and
Xy, respectively.

values of D, diffusion is relaxation limited, and the process is similar to
diffusion in solids. A typical Fickian concentration profile in a polymer film is
illustrated in Figure 1(a).

When relaxation times are comparable to diffusion times, non-Fickian
behavior is observed. Sorption in glassy polymers is typically characterized by
a sharp front (interface) between unpenetrated glass and swollen polymer that
propagates into the film, initially at a constant rate. This situation is referred
to as Case II diffusion.® The concentration profile for this case is depicted in
Figure 1(b). For Case II diffusion, the profile trailing the sharp front is
described by Fickian diffusion. Temperature and film thickness determine the
transport mechanism. At lower temperatures, relaxation times are usually
much longer than characteristic diffusion times, but at higher temperatures
these times are similar (relaxation processes have higher activation energies).
At temperatures where penetration is initially Case II, the film thickness
determines whether apparent Fickian mass uptake will be observed. For thin
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films, the diffusional resistance of the swollen gel is negligible, and relaxation
at the gel /glass front will control the kinetics. In thicker films, the diffusional
resistance of the swollen region becomes significant as the front moves inward,
and Fickian diffusion of solvent between the polymer surface and the pene-
trating front eventually limits the swelling rate.?

Solvent penetration is the first step of polymer dissolution. The solvent
enhances the mobility of polymer chains by converting the glassy matrix to a
swollen, rubbery material. If the solvent and polymer have dissimilar solubil-
ity parameters (i.e.,, they are thermodynamically incompatible), then only
swelling will be observed. However, if the solubility parameters are similar,
polymer chains at the polymer-solvent interface will disentangle from the
swollen matrix. Several limiting cases of dissolution can be envisioned, de-
pending on the relative kinetics of solvent penetration, chain disentanglement,
and external mass transfer. If external mass transfer is assumed to be rapid,
the degree of swelling during dissolution depends on the relative rates of
penetration and disentanglement. When penetration is rapid relative to disen-
tanglement, an appreciable swollen surface layer forms, whereas minimal
surface swelling is observed when the chains rapidly disentangle as the solvent
permeates.

Models that describe swelling and dissolution of polymers have been re-
ported for both general applications and resist processing in particular. Fick-
ian swelling of polymers® has been modeled with standard Fickian diffusion
models.® These models do not account for thickness changes due to swelling as
the solvent penetrates. Thickness changes can be included, however, if the
spatial coordinate, concentration, and diffusivity are defined such that the
frame of reference is fixed with respect to a constant amount of polymer.”

Several models have been proposed to describe Case II penetration in the
absence of dissolution. Some of these approaches use a diffusivity which is a
function of stress or time,®° or which is a stepwise function of concentration.’
Two significantly different approaches to Case II diffusion have also been
reported. One!? is based on the viscous response of the polymer to the osmotic
pressure developed by the presence of the penetrating solvent. Activity pro-
files and strain of the polymer due to the viscous response are solved simulta-
neously. The second model'! is based on the phenomenological similarity of
penetration with crazing (stress-induced formation of microcracks). The pene-
tration of the sharp front is described by a kinetic expression which is
proportional to the difference between the stress level at the front and the
critical stress for crazing. The Fickian diffusion equation is solved in the
penetrated region, thereby determining the solvent concentration profile be-
hind the front. In its initial version, this model did not account for local
swelling, so that penetration of the front and Fickian diffusion in the swollen
region occurred without changing the film thickness. However, the model has
been updated to include local swelling and polymer thickness changes.!? Early
dissolution models were semiempirical fits to dissolution rate data. For in-
stance, the effects of molecular weight and temperature on the dissolution rate
of polystyrene pellets in toluene were found to obey the relation'3

—E/kT
_ Roexp( MA/ ) @)
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where R is the dissolution rate, M is the molecular weight, R, is a constant,
E, is the activation energy for dissolution, A is a constant (~0.5), T is
temperature, and %k is Boltzmann’s constant. This equation fit the data
reasonably well over the molecular weight range 10°-10° g/mol. The decrease
in dissolution rate with molecular weight of the polymer was attributed to
entanglement effects. Later studies’® with exposed and unexposed PMMA
resists (~ 1000 nm thick) in ketone/alcohol developers showed that dissolu-
tion rate correlated well with an expression similar to eq. (2),

R = (B + Ry/M;)exp(—E,/kT) (3)

where B is the high molecular weight limit rate constant, M; is the frag-
mented molecular weight, and « is a model constant. The fragmented molecu-
lar weight accounts for chain scissioning induced by e-beam exposure.

A fundamental model for resist dissolution with Fickian penetration has
been reported.!® The model accounts for thickness increase due to local
swelling and also thickness loss due to chain disentanglement at the surface of
the film. Attempts to extend the model to pseudo Case II penetration by using
diffusivity constitutive equations with nearly discontinuous concentration
dependencies led to computational difficulties.

The work reviewed to this point has been applicable to single component
resists. Several models for positive photoresist development have also been
published.'®-!® Positive photoresists consist of two components, a base resin
and a photoactive component, which also serves as a solubility inhibitor. Upon
exposure, the inhibitor is altered, increasing the dissolution rate of the
exposed regions in the developing solution. The positive resist models use
empirical relations between the dissolution rate and local inhibitor concentra-
tion.

The objective of our work was to develop fundamental models for predict-
ing the swelling and dissolution of thin polymer films (~ 1000 nm). This paper
discusses the formulation of the models and presents a number of simulations
to illustrate the influence of selected parameters. We also demonstrate how
the models can be used to guide the selection of processing conditions to
achieve high quality lithographic images. The application of the transport
models to interpret experimental swelling and dissolution data will be pre-
sented in companion articles.?®2!

THEORETICAL DEVELOPMENT

Two separate swelling /dissolution models are developed in this section—one
for Fickian diffusion and one for Case II transport. Two models are necessary
to span both penetration regimes. Penetration equations are discussed first,
and then disentanglement kinetics are described. Our Fickian model closely
follows the Fickian dissolution model discussed above,!® and our Case II
model is based on the stress driven penetration model.!! The stress-driven
approach was selected over the viscous response model since it accounts for
residual stresses and differential swelling stresses, terms which could be
significant for thin spun-on films. The primary contributions of the present
work are the extension of the Case II model to include dissolution, the
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development of a fundamental expression for the disentanglement rate, and
the estimation of the effective surface composition during dissolution.

Fickian Penetration

The Fickian model is most appropriate for rubbery polymers, and is also
needed for the swollen region in the Case II model. The model is one-dimen-
sional and has one moving boundary [Fig. 1(a)], the gel-solvent interface
(GSI), where the penetrated polymer is referred to as a “gel.” For a fixed
" frame of reference with respect to the laboratory, the local mass flux of
solvent in the polymer, j,, is given by

j D,(C %G 4)
Js = s( s) dx (
where D, is diffusivity and C, is the solvent mass concentration. Now
C,=uwyp (5)

where w, is the mass fraction of solvent and p is the density of the mixture. If
ideal mixing is assumed,

p= Z ;0; (6)

where ¢, and p; are the volume fraction and density, respectively, of compo-
nent i. For solvent (1)/polymer (2) binary mixtures,

(010, + P20,) (6101 + $2p2) _

C, = V. = _— = 7
s (P1 1) (P1V1 1 Psz) (P1¢1) (o0, + p2¢2) [ 200 ( )

Here V is the volume of component i in some control volume. Thus j, can be
written

) ¢
Js = _Ds(‘i’l)Pla_xl (8)

A “flux” or diffusive velocity can then be expressed as (dropping subscripts
on ¢ and D),

d
o= ~D(9) 5 ©)

where j! equals j,/p,. Since the solvent and polymer are assumed to be
incompressible and to mix with no volume change, the local swelling velocity v
is given by

: do
o= =j = D(¢) 5 (10)

This velocity corresponds to that of the polymer matrix (or “network”™) as it
expands in the positive n direction.



864 PAPANU ET AL.

Relative to a stationary observer, the conservation equation for solvent in
the polymer film is expressed as

99 (i +9v)  3[-D(9)39/dx + ¢D(¢)d¢/9x]

— - 1
Jat dx Jx (11)

An assumption inherent in this equation is that imbibed solvent is carried
along with the swelling polymer matrix. Expanding the right-hand side of eq.
(11) and expressing the diffusivity as D = D, f(¢) (where D, is a front factor
that depends on temperature) gives

d¢

39 % (aqs
at

3 ? df
(- 0ni) 55+ (5] [0 - g - nits)] 2

This equation can be made dimensionless by introducing the variables,
r=Dyt/L?, n=x/L

where L is the initial film thickness. Substituting the dimensionless quantities
yields

2 Job \2 di
g;z(l_d,)f(q,)%&(g%) [(1—¢)d—;—f(¢) (13)

The initial condition is solvent-free polymer except at the surface, where
the immersed sample immediately reaches a fixed surface concentration,

$(7,00=0, 0<n<1 (14a)
¢(n=1,0) = ¢* (14b)

This fixed surface concentration is also the boundary condition at the GSI,
7 =, [Fig. 1(a)],

é(ny, 1) = ¢* (15)

For pure swelling, ¢* is set to the equilibrium solvent fraction. The equilib-
rium approach is not applicable for dissolution, since at equilibrium only one
phase is present. An effective surface concentration must be used for dissolu-
tion, as will be discussed later. The second boundary condition is zero flux at
the substrate interface,

I

— =0 16
i (16)

Movement of the polymer—solvent interface in the absence of dissolution is
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dn, Ly L
dr _ \p, ", "D )"

The GSI position can be checked for consistency by performing a mass
balance on the solvent.

given by

(17)

m

Case Il Penetration

As with the Fickian model, the Case II model is also one-dimensional, but
now two moving boundaries must be followed, the gel-glass interface (GGI)
and the GSI [Fig. 1(b)]. The kinetics of the penetrating front, x = x,, are
governed by the stress level according to

dx,
7 T K(o - 0,) (18)
where v, is the penetration velocity, K is a front factor, ¢ is the total stress,
and o, is the critical stress for crazing. The parameters K and o, are assumed
to be a functions of the particular polymer and temperature. The parameter
K follows an Arrhenius temperature dependence, K ~ exp(—E,/RT), where
T is the absolute temperature, E, is the apparent activation energy, and R is
the gas constant. The critical stress is a linear function of temperature,
o, = Y(T, — T), where v is a constant, and Ty, is the glass transition tempera-
ture of the polymer.
Total stress is comprised of several terms,

6= a(weq + 'rrE) + oy (19)

where a is a fit parameter that varies with temperature, 7, is the equilibrium
osmotic stress, 7Z is the excess stress, and oy is the differential swelling
stress. The parameter a can be thought of as an amplification factor, since
typically o, > . It also accounts for the dependence of the front velocity on
the local solvent concentration. The osmotic stress is given by Flory-Huggins
theory,??

RT

1
= Y ¢ — x¢ Xln(l ¢) (20)

where V| is the molar volume of the solvent, x is the Flory-Huggins
interaction parameter, and X is the ratio of molar volumes [ X = V,/V]]. The
solvent fraction in eq. (20) is that at the GGI. Excess stress is a nonequilib-
rium condition resulting from incomplete annealing and /or rapid quenching.
The differential swelling stress is due to the volume mismatch of swollen
polymer on top of unswollen glassy polymer. The swollen layer pulls on the
rigid glass (tension), and the glass in turn constrains the swollen gel (compres-
sion). Tension on the glassy layer can open up the polymer and facilitate
solvent penetration. Differential swelling stress is a function of the degree of
swelling, the relaxation time of the swollen polymer, and the glass thickness.
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To a first approximation only the osmotic pressure term need be considered,
and this simplification is made in the work reported here. The excess stress
contribution to ¢ should be minimal because resist films are annealed above T,
after spin coating. If one assumes that the film has significant lateral swelling,
then order of magnitude estimates suggest that differential swelling stress is
significant. However, our model assumes that the film swells perpendicular to
the penetration direction, and this is supported experimentally.?® For swelling
in this direction, the differential swelling stress is not significant. Further-
more, swelling experiments? do not show an accelerating penetration rate as
the glass thickness approaches zero, which would be expected if differential
swelling stress is important (as the glass thickness decreases, deformation of
the remaining glass must increase to balance the swelling stress).

In the gel layer behind the penetrating front, the Fickian diffusion equation
[eq. (13)] is solved. The initial condition and the boundary condition at the
GSI are identical to the Fickian model [egs. (14) and (15)]). The boundary
condition at the GGI differs, however. Here the convective flux due to
penetration must be matched by the diffusive flux in the gel at the interface.
That is, at 5 = 7,,

(1 -¢)f(9)

d¢ —Lovyg
7 (21)

= Dy
Also, while the diffusion equation is solved throughout the entire polymer for
the Fickian case, it is solved only in the penetrated region of the polymer in

the Case II situation. The movement of the GSI is given by eq. (18).
Case II penetration is characterized by a Peclet number (Pe),!*

(initial penetration velocity) * (initial thickness)

(22)

(diffusivity in the swollen region)

If solvent diffusion in the swollen region is rapid relative to the penetration
velocity (Pe << 1), then the concentration profile in the swollen region will be
quite flat, and the penetration velocity will be constant, If the diffusivity is
low, or the film is relatively thick (Pe >> 1), the diffusional resistance of the
swollen region will be significant. The concentration profile will no longer be
flat, and the penetration velocity will decrease with time.

Dissolution

Surface Disentanglement

Once plasticized by a penetrant, polymer chains will disentangle if the
solution thermodynamics are favorable. Reptation theory has been
developed?®2?* to describe the dynamics of entangled polymer chains. This
theory is applied here to predict how disentanglement rate scales with
polymer molecular weight and concentration.

As a starting point, disentanglement rate (R ;) is taken to be proportional
to some characteristic length divided by a characteristic time. The monolayer
thickness was chosen as the characteristic length, and the reptation time
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constant (¢.,,) was selected as the characteristic time. The monolayer thick-
ness can be approximated by the radius of gyration (R,) of the polymer
molecule. Thus,

Rdis - Rg/trep (23)

The reptation time constant is expected to be proportional to a characteristic
length squared divided by a characteristic diffusivity. If the self-diffusion
coefficient (D,,;) is chosen as the characteristic diffusivity, the reptation time
constant can be approximated as

trep - RZ/ Dself (24)
Combining egs. (23) and (24) gives
Rdis - Dself/Rg (25)
It has been shown in the literature?®2* that
Ry~ M°%/(1 — )™ (26)
and
Dy ~ 1/M*(1 - ¢)'™ (27)
Thus, the disentanglement rate can be expressed as
Rgy = C/M*(1 = $)"™ (28)
where C is an empirical constant.

Gel-Solvent Interface Movement

Equation (17), which describes movement of the GSI for Fickian and Case
II penetration, must be modified to include dissolution. If external mass
transfer is rapid, then the disentanglement and solvent penetration rates will
determine the movement of this boundary:

dn, J¢ —
1 _F1 - 2
dr an . R (29)

where R is the dimensionless dissolution velocity. This general expression can
be used for pure swelling by setting the surface attrition term to zero.

If external mass transfer is slow relative to disentanglement, polymer chains
will accumulate on the solvent side of the GSI. To be rigorous, the diffusion
equation should be solved for dissolved polymer in the liquid phase.!® Using
the resulting profiles, the boundary movement can be determined from

dn, [d¢ 3(1-9)
dr - [a_n ’h:lpp ' |: an ’h:ISP (30)

dr
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where pp and sp denote polymer and solvent phase, respectively. For facile
external mass transfer, the sp term in eq. (30) is limited by R, and eq. (29) is
appropriate. For our model, external mass transfer was approximated using
mass transfer coefficients and the concentration difference between the inter-
face (¢ = ¢*) and the bulk solvent (¢ = 0). Naturally, there will always be a
boundary layer or disentangled layer, but it will be negligible for high
agitation rates or high polymer diffusivity. All cases presented in this paper
assume rapid external mass transfer.

Effective Surface Concentration

In the models presented here, the concentration at the surface (GSI) is fixed
as a boundary condition. The effective surface concentration during dissolu-
tion has not been treated fundamentally in the literature, and so a way to
estimate this concentration was needed.

One approach for estimating the effective surface concentration is to calcu-
late the shift in chemical potential of solvent in the swollen polymer due to
the energetics of chain entanglements. As the solvent penetrates, the chains
cannot disentangle instantaneously. There will be some resistance to penetra-
tion due to the elastic deformation of the entangled polymer. The theory
presented below is based on the thermodynamics of a swollen network.”® It
includes the effects of MW, temperature, and solvent quality (interaction
parameter), and treats temporary entanglements as if they were permanent
crosslinks (the swollen network concept is used in the Case II viscous response
model'® to calculate activity profiles).

Elongation of the chains anchored at entanglements adds an extra term to
the total free energy of the polymer /solvent mixture,

AGtotal = AGmixing + AC;elastic (31)
From Flory—Huggins theory,?
AGmixing = kT[nl In¢, + nylng, + Xn1¢2] (32)

where n, and n, are the number of solvent and polymer molecules, respec-
tively. For elastic deformation,

AGelastic ~-TA Selastic (33)

and

AS,

ko
lastie = — Te [ai + a?, +a2-3- ln(axayaz)] (34)
where ¢, is the extension ratio along the ith coordinate and o,/2 is the
number of effective crosslinks. The transport models developed here are for
one-dimensional penetration, and the thin polymer film is expected to swell
primarily in the direction normal to the substrate. However, the polymer
could swell laterally to some degree (and induce tensile stress on the glass at
the GGI, as discussed earlier). Thus, both one- and three-dimensional cases
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were considered. The one-dimensional approach will be described, and then
the results for three-dimensional swelling will be presented. For one-dimen-
sional swelling,

o

=V V=, (350)
a,=a,=1 (35b)

where «, is the swelling extension ratio, V, is the initial volume of unswollen
polymer, and V is the volume of swollen polymer. Substituting egs. (32)-(35b)
into eq. (31) and differentiating AG,,,, with respect to moles of solvent gives
the chemical potential difference between solvent in the polymer and pure
solvent:

t — 13 =RT[In(1 - ¢,) + (1 — 1/X)4,

+X¢g + (Vl/VO)(Ue/ZN)(2/¢2 - ‘1’2)] (36)

where ¢, is the polymer volume fraction and (o,/2N) is the number of moles
of crosslinks.

Assume now that the number of moles of crosslinks can be replaced by the
number of moles of entanglements. The number of entanglements per polymer
molecule can be approximated by

entanglements M
_— =1 (37)
molecule M

e

where M is the molecular weight of the chain and M, is the molecular weight
between entanglements. The number of moles of entanglements, N,, is there-

fore
Vops [ M
N = - _
= a1\ 1 (38)
From rheological studies,?®
M, ~ M2 (39)

where M, is the critical molecular weight of the polymer. M, is defined by a
sharp increase in slope that is seen in a plot of viscosity vs. molecular weight,
which is attributed to the onset of entanglements. It has also been shown?®®
that, for concentrated solutions,

(Me)so].n(l - ¢) = (Me)melt (40)

and likewise for M. Since V, and p, apply to the unswollen polymer, (M,), .
is more appropriate for estimating N,. Substituting egs. (38) and (39) into eq.
(36) yields

m = ) = RT[In(1 — ¢,) + (1 - 1/X)¢,

+x¢% + Vipa(2/M, — 1/M)(2/$, — ,)] (41)
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A similar analysis for three-dimensional, unconstrained swelling, where
a, =a,=a,=a, yields

= 19 = RT[In(1 - ¢,) + (1 - 1/X) ¢,

+x98 + Vipo(2/M, — 1/M)(245° — ¢,)] (42)

Equation (42) is equivalent to eq. (41) except for the expansion term (2/¢, —
¢5). Note that the molecular weight effect will be negligible at high MW for
both one- and three-dimensional swelling. Also, the one-dimensional equation
will have a much higher contribution of strain energy for high degrees of
swelling, that is, as ¢, approaches zero.

At equilibrium, the chemical potential of each component is equal in all
phases. As an approximation, the equilibrium solvent composition in the
polymer phase can be estimated by assuming that the solvent phase is pure.
Thus, the left side of eq. (41) reduces to zero, and ¢, can be calculated given x.
For pure swelling with no dissolution, ¢, can be calculated similarly, except
that the entanglement term in eq. (41) is also set to zero.

Values of ¢, during dissolution can be determined from experiment if the
assumption holds that the kinetic parameter a in the Case II model is
independent solvent. If a is independent of solvent, values of ¢ as a function
temperature can be determined from swelling data. These values can then be
applied to dissolution data to back out the effective surface concentration
from the penetration rate. If the basic assumption that a is independent of
solvent is not valid, then the surface concentration cannot be uniquely
determined from penetration kinetics. ‘

Solution Techniques

Transport models describing swelling and dissolution of polymer films are
moving boundary problems, whose solutions have been recently reviewed.?” In
brief, location of the interface(s) is (are) part of the solution. The moving
interface can be handled by either front-fixing or front-following techniques.
In the former, variable transformations are used to fix the boundary location.
This is most useful when no mass is lost from the system. With front-follow-
ing methods, modified expressions for the derivative approximations are
applied in the vicinity of the interface. Since the Case II model has two
moving boundaries, and since mass is lost during dissolution, a front following
method was developed for both the Fickian and Case II models.

A Crank-Nicolson implicit finite difference technique with a spatially fixed
grid was used to solve the transport equations. An implicit technique was
selected due to its greater stability and the high nonlinearity of the differen-
tial equations. Derivatives at the interface were approximated by implicit
expressions that treat the boundary as a pseudo grid point. The expressions
account for movement of the boundary between and across the fixed grid
points in a manner similar to a Lagrangian interpolation formulation.?®

In order to make the problem tractable, the conservation equation and
boundary conditions were linearized by using values at the old time level. For
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example, the conservation equation was linearized as

(%)m =@~ ¢>f<¢)1s(§—?%)m

] og ]

where the current time level for which a solution is to be obtained is denoted
by an s + 1 subscript and the previous time level by s. Likewise, movement of
the polymer-solvent boundary was linearized as

(1) = () + 00 ) (44)

and the boundary condition for the gel-glass interface in the Case II model

was linearized as
do
dn

Interface positions were calculated from velocities at the previous time level,
and the diffusion equation was solved after the boundaries had been moved to
their new positions. Additional details such as derivative approximations at
the boundaries are given elsewhere.?

= Dol - )], (49)

] —L(vy)(¢)541

RESULTS AND DISCUSSION

Effective Surface Concentration

Before the Fickian and Case II models can be solved for either swelling or
dissolution, the solvent volume fraction in the polymer at the GSI is needed
[eq. (15)]. The equilibrium solvent fraction in the polymer as a function of x
at three molecular weights is shown in Figure 2(a) for pure swelling [eq. (41)
with entanglement term omitted]. As expected, the equilibrium fraction in the
polymer phase increases as x decreases (better solvent or higher temperature),
until eventually dissolution is reached (¢ = 1.0). Higher molecular weight
requires a lower value of x to reach dissolution, and yields a lower value of ¢
for a given value of x. Note that except for low MW (20,000 g/mol), MW
effects are negligible for typical nonsolvents (x > 0.6). Thus penetration rates
of swelling agents are expected to be relatively independent of MW. Figure
2(b) shows the equilibrium solvent fraction for one-dimensional entanglement
energetics [eq. (41)]. For values of x > 0.9, the predicted solvent fraction is
comparable to that for no entanglements, but a downturn is seen at lower
values of x. The solvent quality is compensated by the increased strain energy
at higher degrees of swelling. Molecular weight effects are insignificant at
higher values of x, but are observable at lower values of x, although in the
limit of high MW, the effects diminish even at low values of x.
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Fig. 2. Equilibrium solvent fraction in the polymer as a function of x for (a) no entanglements
and (b) one-dimensional swelling with entanglements.

Swelling and Dissolution

The characteristic parameter describing Fickian penetration is diffusivity.
Several constitutive equations were used for the diffusivity. The concentration
dependent factor was taken as unity, linearly dependent, or exponentially
dependent on solvent volume fraction. An exponential dependence is consis-
tent with experimental data for the diffusion of organic vapors in polymers,*
and with the functional form for polymer solutions based on free volume
concepts.’! The exponential expression used was

f(¢) = exp[(¢ — ¢*)/B] (46)

where 8 is a constant.

Figure 3 shows movement of the polymer /solvent interface and the concen-
tration profiles during Fickian swelling at several times for two concentration
dependencies. In Figure 3(a) f(¢) = 1, and in Figure 3(b) eq. (46) is used with
B = 0.5. Other parameters are listed in the figure captions. Since D, is the
same for both cases, the dimensionless times correspond to the same actual
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Fig. 3. Concentration profiles and boundary location for Fickian swelling at several dimension-
less times for D, = 5.0 X 10”2 em?/s, L = 10™* cm, and ¢* = 0.22: (a) concentration indepen-
dent diffusivity; (b) exponential concentration dependence with 8 = 0.5.

times. A higher concentration dependence results in steeper concentration
gradients and lower initial swelling rates.

Case Il concentration profiles at several time levels for Pe = 0.001, i.e.,
rapid diffusion in the swollen layer, are shown in Figure 4. As expected, the
concentration profile in the swollen region is flat, and the kinetics of the
penetrating front controls the swelling. Figure 5 shows similar curves for
Pe = 1, with the first three profiles corresponding to the same actual time
levels as Figure 4 (dimensionless time is different since the diffusivity is lower).
Some diffusional resistance in the swollen layer is observed, and this lowers
the penetration rate since the concentration at the front is reduced.

The effect of decreasing x at constant temperature, solvent molar volume,
and Pe is seen by comparing Figures 6 and 4. For the better solvent, the
surface fraction is higher and consequently so is the penetration rate. The
penetration rate for x = 0.88 is 1.0 X 10~7 cm/s, whereas it is 1.3 X 1075
cm/s for x = 0.75. Thus for 7 = 440 (440 s) the GGI is at n = 0.54 for the
poorer solvent, and the GGI is at = 0.43 for 7 = 563 (44 s) with the better
solvent.

Figure 7 shows the positions of the GSI and GGI for dissolution of polymer
with MW of (a) 200,000 g/mol and (b) 50,000 g/mol. The model parameters
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Fig. 4. Concentration profiles and boundary locations for Case II swelling at dimensionless
times of (a) 40, (b) 440, and (c) 880. Concentration-independent diffusivity and L = 10"* cm,
a =61, x = 0876, K=9.0 X 10"° cm/(s atm), o, = 532 atm, V, = 76.5 cm®/mol, D, = 1078
em?/s, MW = 2 X 10° g/mol, T = 323 K, and Pe = 0.001.

were selected such that this difference in MW would cause a switch from
disentanglement to penetration control. Penetration was by a Case II mecha-
nism with Pe = 0.001. The effective surface concentration was estimated using
x = 0.45 in the one-dimensional entanglement equation [eq. (40)]. In Figure
7(a) the disentanglement rate is controlling due to the high MW. Rapid
solvent penetration causes the film to swell completely before any appreciable
dissolution occurs, and then the swollen film slowly dissolves. For the low MW
situation [Fig. 7(b)], dissolution is penetration limited. Swelling is negligible
and the two boundaries are essentially coincident. At intermediate molecular
weights, dissolution with some swelling is expected.

Resist Processing

Having developed a model for the dissolution of thin polymer films, it is of
interest to assess the utility of the model for selecting resist processing
conditions. A desirable development process provides a moderate dissolution
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Pe = 1.0. The first three profiles correspond to the same actual times as in Figure 4.
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Fig. 6. Concentration profiles and boundary locations for Case II swelling at several dimen-
sionless times. Parameters are x = 0.75, ¢* = 0.526, and D, = 1.3 X 10”7 cm?/s. All other
parameters are the same as in Figure 4, including Pe = 0.001.

rate, minimal swelling, and high contrast or selectivity between exposed and
unexposed polymer. A moderate dissolution rate allows process latitude in
development time while maintaining a reasonable throughput. Typical devel-
opment times are 20-100 s. Swelling will be minimized if dissolution is
penetration limited. A high differential dissolution rate between exposed and
unexposed resist ensures that removal and/or swelling of the desired regions
will not be appreciable. To demonstrate how the models can be employed to
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Fig. 7. GSI and GGI locations during dissolution as a function of dimensionless time for (a)
MW = 200,000 g/mol, ¢* = 0.64 and (b) MW = 50,000 g/mol, ¢* = 0.665. Part (a) corresponds
to disentanglement limited dissolution and part (b) corresponds to penetration limited dissolu-
tion. In (b), the location of the GSI is denoted by ®. Parameters for both cases are L = 1074 cm,
K=90x10"% cm/(s atm), a=6.1, v =045 T =323 K, V, =740 cm’/mol, C =5 x 108
em(g/mol)?% /s, and o, = 532 atm,

help achieve these objectives, two hypothetical examples and a direct compar-
ison with experimental data for PMMA dissolving in methyl isobutyl ketone
will be presented. In the discussion below, the solvent penetration mechanism
is assumed be Case II.

A moderate dissolution rate can be obtained via judicious selection of the
developer. Consider a process where the temperature of the developer bath is
fixed at 23°C, a typical operating condition. This implies that the thermody-
namic quality of the developer can be changed only by varying the solvent.
Assume that the disentanglement rate is rapid for the entire relevant molecu-
lar weight range, and ignore polydispersity effects. Finally, assume that
exposed regions dissolve 10 times faster than unexposed polymer, which is a
typical enhancement factor.'”-32 Then the solvent interaction parameter and
molecular size, and to a small extent the polymer molecular weight, will
determine the dissolution rate. In order to clear completely a 1000 nm film in
20-100 s, the dissolution (penetration) rate must be between 10 and 50 nm /s.
Provided that valid a and K values have been obtained for the polymer of
interest, the values of solvent molar volume and interaction parameter that
give dissolution rates in the desired window can be mapped out.
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Fig. 8. Dissolution rate vs. x for solvent molar volumes of 60—160 cm?®/(g mol). Dissolution is
assumed to be penetration limited, and penetration occurs by Case 11 diffusion. Solid lines at 10
and 50 nm/s mark the lower and upper limits of the desired dissolution rate. Parameters are
T=296 K, a=80, K=24x10"'° cm/(s atm), o, = 442 atm, MW = 180,000 g/mol, and
M, = 27,000 g/mol. Rates are 10 times those for unexposed polymer.

Figure 8 shows dissolution rate (exposed regions) vs. x (0.1 < x < 0.50) for
several values of solvent molar volume. The value of K corresponds to that for
poly(methyl methacrylate) (PMMA) an electron-beam resist, and was ob-
tained from mechanical crazing® and solvent penetration data.* The value of
a is an approximate value for the dissolution of PMMA in lower MW ketones.
Swelling and dissolution data for PMMA?2>?! indicate that a varies with
solvent, not just temperature. However, the values of a are relatively indepen-
dent of solvent size except for very small molecules, and for a given solvent
series an average value of a can be used. As can be seen in Figure 8, for solvent
molar volumes of 140 and 160 cm®/mol the dissolution rate is below the
desired range. To be within the desired dissolution rate range for V|, =
120 cm®/mol, x must be < 0.27, and for V, = 100 cm®/mol, x must be
< 0.45. As a practical example, consider PMMA in lower MW ketone develop-
ers, for which x ~ 0.48.3* Methyl ethyl ketone (V; = 90.0 cm?®/mol) would
give a desirable dissolution rate, but diethyl ketone (V, = 106.1 cm?®/mol)
would dissolve the film too slowly.
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Fig. 9. Penetration and dissolution rates as a function of polymer molecular weight for the
Case 1II dissolution model. The effective surface concentration is calculated using 1-D entangle-
ment energetics. Model parameters are T = 296 K, x = 045, K = 10"% em/(s atm), V, = 90
em®/mol, o, = 450 atm, and C = 5 X 10° (g/mol)>® cm/s.

Next consider the situation where increasing the polymer MW can shift the
controlling mechanism from penetration to disentanglement. (The extremes of
such a situation were depicted in Fig. 7.) Figure 9 shows penetration and
disentanglement rates as a function of molecular weight. Typical values of the
penetration parameters were used, and the value of the disentanglement rate
factor, C [eq. (28)], was selected to give a switch in the controlling mechanism
near 10° g/mol. Again note the relative insensitivity of penetration rate to
molecular weight. At molecular weights < 150,000 g/mol, dissolution is pene-
tration controlled, while at higher molecular weights dissolution is disentan-
glement controlled. As mentioned previously, to minimize swelling effects,
dissolution should be penetration rate controlled. Consequently, for the pa-
rameter values selected, the molecular weight of the exposed region should not
exceed 150,000 g/mol. If the constant C is adjusted, the disentanglement rate
curve will be shifted up or down, and likewise changing solvent or temperature
will shift the penetration rate curve. In either case, the intersection point will
also shift. Hence, plots such as those in Figure 9 are useful for choosing
molecular weights that ensure that dissolution will be penetration controlled.

The porosity of a resist increases during the exposure step.?? Figure 9 can be
used to demonstrate the influence of this porosity change on resist develop-
ment. For example, consider a positive resist with an initial molecular weight
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of 500,000 g/mol, and a post-exposure MW of 80,000 g/mol. Neglect polydis-
persity effects, and assume initially that porosity remains unchanged. Expo-
sure increases the disentanglement rate by 2 orders of magnitude, which shifts
the resist from a disentanglement controlled region to a penetration controlled
region. Consequently, minimal swelling of the exposed resist is expected as it
dissolves. The disentanglement rate of the unexposed resist is sufficiently low
that only a small fraction will dissolve. However, the penetration rate in the
exposed resist will be only slightly less than that in the exposed polymer.
Thus, unexposed regions will swell appreciably, which could have detrimental
effects on the developed image.

Now assume that porosity increases during exposure. Since the solvent
molecules can more readily penetrate into the more porous film, the effective
value of either K or o, is higher. Consequently, the penetration rate curve will
shift upward for the exposed regions. If the penetration rate is substantially
higher in the exposed regions, then the unexposed resist will not swell much in
the time it takes to clear the image to the substrate. Thus, while the MW shift
ensures minimal dissolution of the unexposed resist, increased porosity helps
reduce the degree of swelling in unexposed resist.

The discussion on exposure effects has focused to this point on the kinetics
of swelling and dissolution. The lowering of the average polymer MW by
exposure can also affect the thermodynamics of dissolution. The MW shift
could yield an exposed material which is soluble in the developer at the
particular temperature, while the unexposed resist is insoluble. Then the
relative dissolution rates of the exposed and unexposed regions are no longer a
consideration. However, penetration kinetics will still determine the dissolu-
tion rate in the soluble regions and the degree of swelling in the insoluble
portions of the resist.

Finally, the consistency of the model with experimental dissolution rates
can be assessed. The dissolution rate vs. polymer MW for unexposed, monodis-
perse PMMA in methyl isobutyl ketone (MIBK) at 24.8°C2% is shown in
Figure 10. The dissolution rate scales approximately with 1/MW, and then
levels off at high MW. Similar trends have been reported by other investiga-
tors.!*3 In situ ellipsometric data®' indicate that the dissolution of PMMA in
MIBK is penetration controlled. (The dissolution rate is expected to decrease
eventually at higher MW as disentanglement control is encountered.) Also
shown in Figure 10 are penetration and disentanglement rate curves similar to
those in Figure 9. The shift of the penetration rate curve in Figure 10
compared to Figure 9 is due to different values of the penetration parameters
(see figure captions). For the penetration rate curve in Figure 10, the value of
o, was obtained from mechanical crazing data for high MW, polydisperse
PMMA,% and the parameter a was calculated from the average dissolution
(penetration) rate of polydisperse, PMMA thin films in MIBK.?! Since disen-
tanglement control was not encountered experimentally, a value of C [eq.
(28)] could not be determined. Thus, Figure 10 includes two disentanglement
rate curves corresponding to possible values of C. Both values of C are
sufficiently large that the dissolution rate is clearly controlled by the solvent
penetration rate.

It is evident from Figure 10 that the penetration rate curve underestimates
the dependence of dissolution (penetration) on molecular weight for MW up
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Fig. 10. Dissolution rate as a function of molecular weight for PMMA in MIBK at 24.8°C, and
penetration and dissolution rate curves from the Case II model assuming 1-D entanglement
energetics. Case I model parameters are V; = 125.8 cm®/mol, T = 2979 K, a = 6.36, x = 0.4957,
0, = 432 atm, K = 2.67 X 1070 cm /(s atm), and C = 1.0 X 107 and 1.0 X 10° (g/mol)*® cm/s.

to 1.5 X 10° g/mol (although it does fit the data quite well above this MW).
The simplified (osmotic pressure only) Case II penetration model does not
include any appreciable molecular weight effects. The molar volume ratio X
only influences osmotic pressure [eq. (20)] at very low MW. Even if differential
swelling stress were considered, accounting for this term [eq. (19)] would favor
higher rates at higher MW, since this contribution to the overall stress relaxes
more slowly at higher MW. We originally envisioned that the dependence of
dissolution rate on MW could be explained by the variation of the effective
surface concentration with MW. The slight slope in the penetration rate curve
(Fig. 10) is due to the change in surface concentration with polymer MW.
Clearly, the molecular weight dependence given by the energetics of a swollen
network is not sufficient to account for the experimental observations. While
the energetics of network entanglements provides a way to estimate the
surface concentration during dissolution, which in itself is very useful, it does
not explain the MW-dependent dissolution rates seen with PMMA in ketones.

Thus, MW effects must be included in the Case II model by allowing one or
more of the parameters, K, a, or ¢, in egs. (18) and (19) to be functions of
MW. There is no physical basis for expecting the parameter a to depend on
the polymer MW. The parameter K is similar to a creep compliance, and for
temperatures below T, it is expected to be independent of MW.38 However, it
is reasonable to expect that o, should be a function of MW since it can be
argued that longer chains can support higher stress levels before the onset of
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Fig. 11. (a) Dissolution data from Fig. 10 and Case Il penetration rate curve based on a
critical stress that varies with the polymer MW. (b) Calculated o, values versus number average
molecular weight using experimental dissolution rates and the same values of a and K as in Fig.
10. These values of o, were used to generate the curve in part (a).

crazing. While this contention is supported in the literature,®® mechanical
crazing data for PMMA® suggest that o, is relatively insensitive to MW for
the MW range 1.2 X 10°-2.2 X 10 g/mol. The lower end of this range is
approximately where the dissolution rate is seen to level off. Thus, it is
possible that o, increases with MW at lower MW (thus decreasing the
penetration rate), and then levels off.

Figure 11(a) shows a penetration rate curve based on a o, that varies with
polymer MW. Clearly, a good fit of the dissolution data is possible when o, is
adjusted for MW. Values of o, vs. MW are shown in Figure 11(b). These o,
values were calculated from the experimental data with the same values of K,
7, and a used to generate the penetration rate curve in Figure 10. Also shown
in Figure 11(b) is the value of o, (polydisperse) upon which the predicted
curve in Figure 10 is based. The leveling off of o, at approximately 1 x 10°
g/mol is similar to that seen for the surface fracture energy of PMMA.%*
Since crazing is a precursor to fracture, the underlying physics should be
similar. However, while the trend in ¢, is comparable to that for the surface
fracture energy, the surface fracture energy changes by several orders of
magnitude compared to a factor of 2-3 for o, over a similar MW range.*
Further investigation of the dependence of penetration rate on polymer MW
is needed.

The close connection between crazing and cracking raises one final issue for
discussion. It is conceivable that, at low MW, PMMA cannot support the
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osmotic stress induced by MIBK, and cracks develop at the surface of the
film. Solvent could then penetrate along the cracks, resulting in enhanced
dissolution rates. Stress cracking has been reported for PMMA (MW = 1.1 X
10° g/mol) dissolving in dimethylphthalate.*! Furthermore, the MW where o,
levels off is only about four times the critical molecular weight of PMMA
(M, = 2.7 X 10* g/mol).”® At molecular weights much below 1 X 10° g/mol,
the degree of entanglement might be inadequate to suppress cracking. It must
be emphasized, however, that even if low MW films do indeed crack, the
validity of the stress-driven penetration model is not reduced. On the con-
trary, the usefulness of this model becomes evident. Both crazing and cracking
are stress-driven, and the formation of cracks (and the subsequent enhance-
ment of penetration rate) can be accounted for readily with a critical stress
that depends on the polymer MW.

CONCLUSIONS

Models were developed to describe the swelling and dissolution of thin
polymer films in terms of solvent penetration and surface disentanglement of
polymer chains. The models account for both Fickian and Case Il diffusion
mechanisms. Reptation theory was used to scale the disentanglement rate
with polymer molecular weight and solvent concentration. ,The effective
solvent concentration at the surface of a dissolving film is a critical parameter
since it determines the penetration rate, at least initially, for Case II diffusion,
as well as the disentanglement rate. Thermodynamics of swollen networks was
used to estimate this effective concentration.

The models can be used to guide the selection of processing conditions for
microlithography. The utility of the models for selecting solvents which give
desirable dissolution rates was demonstrated. In order to minimize swelling,
the resist dissolution rate should be controlled by solvent penetration, not
disentanglement of the polymer chains. The models can be used to estimate
the MW range where dissolution is penetration controlled.

Comparison of predicted dissolution rates with experimental data for PMMA
dissolving in MIBK (penetration controlled) revealed that the Case Il model
underestimates the effects of polymer MW on solvent penetration rates for
MW < 1.5 X 10° g/mol. To obtain good agreement with experimental data,
the critical stress for crazing was modified to be a function of polymer MW.
The functional dependence of o, on MW as calculated from experimental
dissolution rates is similar qualitatively to that for the surface fracture energy
of PMMA. The dependence of penetration rate on MW at relatively low MW
needs to be investigated further.

This work was supported by the Air Force Office of Scientific Research under Grant No.
AFOSR-90-0078. IBM 3081 and IBM 3090 computer time was provided by a DACE grant from
the IBM Corp.

APPENDIX: NOMENCLATURE

a constant to convert pressure to axial stress
A molecular weight exponent
B high molecular weight rate constant
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disentangiement rate constant

solvent mass concentration

solvent diffusivity

diffusional Deborah number

solvent diffusivity front factor

solvent diffusivity

apparent activation energy

free energy; subscripts are total, mixing and elastic
local solvent mass flux

diffusive velocity

Boltzmann’s constant

penetration rate front factor

initial thickness

molecular weight

critical molecular weight for the onset of entanglements
molecular weight between entanglements
fragmented molecular weight

number average molecular weight
molecular weight

number of solvent molecules

number of polymer molecules
Avogadro’s number

number of moles of entanglements
dissolution rate or gas constant
dimensionless dissolution velocity
disentanglement rate

radius of gyration

dissolution rate constant

entropy change

characteristic diffusion time
characteristic reptation time
characteristic relaxation time

absolute temperature

glass transition temperature

local swelling velocity

penetration velocity

final volume of swollen polymer

initiat volume of polymer

solvent molar volume, or volume of solvent in control volume
polymer molar volume, or volume of polymer in control volume
mass fraction solvent

spatial position

location of gel-solvent interface

location of gel-glass interface

- ratio of polymer molar volume to solvent molar volume = V,/V,

Greek

molecular weight exponent, or extension ratio for swelling
constant in diffusivity function

dimensionless spatial coordinate = x/L
. dimensionless position of gel-solvent interface

«
B
Y constant for critical stress level
7
n
7

, dimensionless position of gel-glass interface
g, chemical potential of the solvent in the polymer

w; chemical potential of the pure solvent

77 excess stress

883
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equilibrium osmotic stress

p density of the mixture, or ratio of complex amplitudes
p; density of component i

twice the number of effective cross-links

total stress

o. critical stress for crazing = W(T, — T)

o4, differential swelling stress

7 dimensionless time

¢ volume fraction, solvent volume fraction

¢* solvent volume fraction in the polymer at gel-solvent interface
x Flory-Huggins interaction parameter

Subscripts

1 solvent, or gel-solvent interface
2 polymer, or gel-glass interface
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