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ABSTRACT: Swelling and dissolution behavior of poly(methyl methacrylate) (PMMA)
films during unidimensional penetration of methyl ethyl ketone/methyl alcohol (MEK/
MA) liquid mixtures at 22°C is presented. Optical microscopy and two-beam inter-
ferometry were applied to clamped PMMA films to obtain information on penetration
kinetics and penetrant concentration profiles. Dissolution by pure MEK was initially
controlled by Case II penetration kinetics and at later stages of the process, by stress
cracking in the absence of a surface layer. Introduction of increasing amounts of MA in
the liquid solvent resulted in moderation of the fragmentation process, enhanced
penetration rates at the early stages of the process, deviations from Case II kinetics at
the later stages, and the existence of a surface layer. These results indicate that
penetration of MEK/MA mixtures and dissolution of PMMA are characterized by lower
diffusion Deborah, and higher dissolution, numbers compared to those of pure MEK.
Swelling by pure MA, as well as by nonsolvent MEK/MA mixtures, was characterized
by Case II penetration kinetics. A pronounced minimum in the penetration rate versus
liquid mixture composition plot was observed at 30 : 70 v/v MEK/MA composition.
Laser interferometry was applied to very thin PMMA films, supported on a silicon
substrate, to study selected cases. The results obtained were very similar to those
obtained by optical microscopy. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83:
2823–2834, 2002; DOI 10.1002/app.10258

Key words: dissolution of poly(methyl methacrylate); case II transport; two-beam
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INTRODUCTION

Penetration of a micromolecular species from a
bulk liquid phase into an initially dry polymer

film, driven by a chemical potential gradient, is
normally accompanied by swelling and plasticiza-
tion of the polymer. The penetrant may be a sol-
vent or a nonsolvent of the particular polymer,
depending on the thermodynamic properties of
the polymer–penetrant pair. In the case of non-
solvents, penetration and swelling are the only
steps of the sorption process and a uniform swol-
len polymer phase exists at the final equilibrium
state. In the case of solvents, the swelling polymer
eventually dissolves in the liquid solvent phase.
Although both processes involve swelling of the
initially dry polymer film, here the former case is
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termed swelling, to be distinguished from the lat-
ter, termed dissolution.

Penetration kinetics in glassy polymer–or-
ganic penetrant systems exhibit a variety of devi-
ations from diffusion-controlled (Fickian) kinet-
ics. In liquid penetration experiments, in which a
penetrant front B advancing into the polymer can
be observed, a simple descriptive way to quantify
deviations from Fickian kinetics is possible on the
basis of the power law

XB� ktm (1)

where XB is the distance (in a suitable frame of
reference) covered by the penetrant front B at
time t, and k and m are constants. Under semi-
infinite medium conditions, Fickian (Case I) ki-
netics is characterized by m � 0.5. Increasing
values of m denote increasing deviations from
Fickian kinetics, with m � 1 for Case II diffusion.

Non-Fickian kinetics is most commonly attrib-
uted to slow viscous molecular relaxations of the
glassy polymer structure (in response to pene-
trant-induced osmotic stresses) that occur on time
scales comparable to that of the diffusion pro-
cess.1–4 Non-Fickian behavior can be discussed in
terms of a dimensionless parameter, the diffusion
Deborah (DEB) number, defined as5

DEB� �R/�

where �R is a characteristic relaxation time and �
is a characteristic diffusion time of the polymer–
penetrant mixture. For the penetration experi-
ments, in which the polymer substrate behaves
throughout as a semi-infinite medium, � is given
by6

� �
�XBm�

2

D

where XBm is the maximum distance attained by
front B in each experiment and D is the mutual
diffusion coefficient in the appropriate frame of
reference. In the systems under study, both D and
�R are strong functions of the penetrant concen-
tration. The DEB number may be used to define
the conditions under which non-Fickian behavior
is expected to occur. Thus at high concentrations
and/or temperatures, where the polymer–pene-
trant mixture is well above Tg, molecular relax-
ation is much faster than diffusional transport
and Fickian diffusion in the fully relaxed polymer

is observed, characterized by DEB �� 1. At suffi-
ciently low temperatures and/or concentrations,
where the system is well within the glassy state
and behaves purely elastically, Fickian kinetics is
again observed, characterized by DEB �� 1. De-
viations from Fickian kinetics are expected at
intermediate values of DEB, where the system
behaves viscoelastically. Under appropriate con-
ditions5,6 Case II transport may be observed,
characterized by a sharp penetrant front separat-
ing nearly fully relaxed from unrelaxed polymer
and advancing into the polymer linearly with
time. In this case, diffusion of the penetrant in the
swollen polymer phase is fast in relation to mo-
lecular relaxation at the sharp penetrant front (so
that the penetration rate is relaxation-controlled)
and the penetrant concentration behind the front
is practically uniform. The concentration profile is
also characterized by a low-concentration precur-
sor front preceding the sharp front.1,6

As already noted, the normal dissolution pro-
cess involves a third step besides penetration of
the solvent and swelling of the polymer, that is,
the disentanglement of the macromolecular
chains from the swollen, plasticized polymer re-
gion followed by diffusion into the pure solvent
phase. Ueberreiter7 has divided the penetrated
polymer region during dissolution into the follow-
ing four layers arranged in the order of increasing
penetrant concentration: (1) the infiltration layer,
next to the pure polymer region; (2) the solid
swollen layer; (3) the gel (rubberlike) layer; and
(4) the liquid layer, next to the pure solvent. Dur-
ing dissolution of a glassy polymer all four layers
are expected to exist and constitute what was
termed by Ueberreiter7 a “normal surface layer,”
the most extended part of which is the gel layer.
Under semi-infinite medium conditions, the sur-
face layer attains a constant thickness and the
magnitude of the latter is determined by the rel-
ative rates of solvent penetration and polymer
chain disentanglement. Furthermore, Ueber-
reiter7 distinguished between the thermodynamic
and kinetic suitability of a solvent. The kinetic
suitability is determined by the molecular size
and shape of the solvent and is mainly expressed
in its high rate of penetration into the polymer
matrix. The thermodynamic suitability is deter-
mined by the polymer–penetrant interactions. A
thermodynamically good solvent facilitates the
disentanglement of polymer chains by loosening
up the structure; consequently, as the thermody-
namic suitability of the solvent increases, the
thickness of the surface layer decreases. More
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recently, Peppas et al.8 defined a dissolution num-
ber Ns as

Ns� �d/�p

where �d is a characteristic time for polymer dis-
entanglement and �p is a characteristic time for
solvent penetration. For cases of DEB �� 1 or
DEB �� 1, where penetration is diffusion con-
trolled, �p � �, whereas for cases of DEB � 1,
where penetration is relaxation controlled, �p
� �R. If Ns � 1 the polymer disentanglement rate
is lower than the solvent penetration rate, result-
ing in a thick surface layer. If Ns � 1, the disen-
tanglement rate is higher than the solvent pene-
tration rate, yielding a thin surface layer.

When penetration of the solvent is relaxation
controlled, dissolution may occur by stress-in-
duced cracking. In this case the polymer structure
responds to the penetrant-induced stresses by
brittle failure. In the case of stress cracking, usu-
ally no surface layer is observed, indicating that
the rate of relaxation is much lower than the rate
of chain disentanglement (Ns �� 1).

Swelling and dissolution of polymers are im-
portant phenomena in various applications, as for
example in drug-delivery systems and microelec-
tronics through lithographic processes.8,9 The
lithographic step of integrated circuit fabrication
involves selective dissolution of the irradiated
(positive resist) or of the nonirradiated (negative
resists) areas of a polymeric resist. The developer
often consists of a solvent/nonsolvent mixture, as
for example in the case of poly(methyl methacry-
late) (PMMA), which is used as a positive photore-
sist. Progress in the lithographic processes used
in mass production seriously affects the miniatur-
ization of semiconductor devices.10,11 Therefore,
an in-depth understanding of polymer dissolution
and swelling is necessary. Fundamental studies
on the transport and dissolution mechanisms in
glassy polymer–pure penetrant liquid systems in-
volve both extensive experimental and modeling
work. Penetration and dissolution kinetics have
been studied by a variety of techniques, such as
optical microscopy,7,12,13 refractometry,7 laser inter-
ferometry,10,14–16 ellipsometry,17,18 critical angle il-
lumination microscopy,8 and fluorescence meth-
ods.16 Penetrant concentration profiles have been
obtained by interferometry,7,12,13 MRI analysis,19

fluorescence quenching,10 Rutherford backscatter-
ing,20 and optical microdensitometry.12,21 The
above-mentioned techniques were applied during

transport of solvents7,8,10,12,13,15–17,19 or nonsol-
vents12–14,17,18,21 in free films,7,21 films clamped be-
tween glass plates,12,13 or, finally, in supported
films.8,10,14–20

Some of these techniques have been applied to
the study of swelling and dissolution behavior of
polymer films by solvent/nonsolvent binary mix-
tures.11,22–26 However, only a few studies have
covered the full range of solvent/nonsolvent com-
positions (ranging from pure solvent to pure non-
solvent)27,28 and, moreover, the recorded signal of
the optical method applied is easily interpreted
only in limiting cases of pure Case II or Fickian
kinetic behavior. In this work we present a phe-
nomenological study on the effect of the composi-
tion of a solvent/nonsolvent binary mixture on the
swelling and dissolution behavior of PMMA films
using methyl ethyl ketone (MEK) and methyl al-
cohol (MA) as solvent and nonsolvent, respec-
tively. Optical microscopy and two-beam inter-
ferometry were applied to obtain detailed infor-
mation on the kinetics of penetration and the
concentration profiles during unidimensional
penetration into, and swelling or dissolution of,
clamped polymer films. The dissolution process
was also studied in very thin supported films by
laser interferometry (a technique that, although
it provides less direct and detailed information on
the dissolution process, corresponds more closely
to the conditions of lithography), and the results
of the two methods were compared.

EXPERIMENTAL

Materials

Commercial PMMA (Elvacite 2041) in the form of
powder was supplied by Dupont (Toronto, Can-
ada) with the following specifications: Mw
� 405,000, Mn � 149,000, Mw/Mn � 2.45. MA,
MEK, and methyl isobutyl ketone (MIBK) were of
analytical reagent grade.

Film Preparation and Characterization

Films for Optical Microscopy and Two-Beam
Interferometry

Films of thickness � � 30–50 �m were prepared
by casting an 11% w/w solution of PMMA (prefil-
tered though a G4 sintered glass filter) in MIBK
on a clean glass surface with the aid of a knife
blade moving on rails. After subsequent evapora-
tion in an atmosphere partially saturated with
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MIBK vapor, the film was removed from the glass
plate, evacuated for 10 days, and then heated
gradually in an oven over a period of 24 h to 130°C
and maintained at that temperature for 24 h.
Then the temperature was gradually cooled down
to 70°C, maintained at that temperature for 24 h,
and then allowed to cool down to room tempera-
ture.

The Tg of the films, determined by DSC using a
Dupont 910 instrument at a heating rate of 5°C/
min, was found to be 114°C.

Films for Laser Interferometry

A solution of 8% w/w of PMMA in MIBK was spin
coated on a silicon wafer at 4000 rpm for 30 s, and
the films obtained were subjected to the same
heating treatment as above. The thickness of the
initially dry films, measured with a Talystep,
were found to be 0.80–0.90 �m.

Methods

Optical Microscopy and Two-Beam Interferometry

The experimental setup is illustrated schemati-
cally in Figure 1. A 3 � 5 mm2 rectangular poly-
mer sample was sandwiched between two glass
plates, held together by spring clips. The sand-
wiched film was immersed in a petri dish contain-

ing the liquid penetrant at room temperature (22
� 1°C), and the whole assembly was placed on the
stage of an Amplival Pol-U microscope (Jena, Ger-
many). In this way, penetration across the film is
prevented by the glass plates and can occur only
along the film (Fig. 1). This technique allows in
situ observation of the transport process under
semi-infinite medium conditions,12,13 by means of
a light beam perpendicular to the direction of
penetration. The penetrant front (B) advancing
into the polymer (see Fig. 1) marks a sharp
change in the penetrant concentration gradient
and, consequently, in the corresponding refrac-
tive index gradient and is seen in the microscope
as a black line. In the case of nonsolvents, the
swelling edge (A) of the film, moving outward, is
also visible. The positions of A and B at time t
were recorded, in terms of the space coordinate X,
using the position of the edge of the unswollen
film at t � 0 as the origin. The relevant distances
are represented by positive numbers XA and XB,
respectively, whereas X	B � XB 
 XA represents
the position of B, in terms of space coordinate X	,
using front A as origin (Fig. 1).

The microscope was also equipped with a two-
beam interferometric device operating on the
shearing principle.12,13 A system of colored inter-
ference fringes, aligned in the direction of pene-
tration X	, is formed in the optical field. The
fringe pattern could be recorded using an at-
tached CCD camera, connected to a PC. The vari-
ation of the refractive index along X is reflected in
lateral fringe displacements, which are propor-
tional to the corresponding optical path differ-
ences (OPD). The fringe displacement at any lo-
cation X	, �y(X	), within the penetrated film var-
ies during the course of the experiment and,
therefore, must be measured relative to a portion
of the same fringe that remains fixed. The portion
of the fringe that was located in the pure liquid
was used for this purpose. Thus, the OPD profile,
normalized with respect to the OPD of the dry
polymer �y0, is given by

�y�X	�
�y0

�
n�X	��X� n1�1

n2�2� n1�1
(2)

In eq. (2), n is the refractive index; the subscripts
1 and 2 refer to the pure liquid and dry polymer,
respectively; and n(X	) and �X denote the refrac-
tive index and the thickness of the swollen poly-
mer at X	, respectively. Under conditions where
the swelling polymer is constrained to a uniform

Figure 1 Schematic presentation of experimental
setup for optical microscopy and two-beam interferometry
measurements during liquid penetration in clamped
PMMA films (see text).
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thickness (i.e., �X� �1� �2), and in the absence of
significant changes of volume upon mixing, the
OPD profile is expected to faithfully represent the
corresponding concentration profile.12,13,29

The microscope (as well as the laser inter-
ferometer described below) was situated in a
small room equipped with two air-conditioning
devices, capable of maintaining its temperature
at 22 � 1°C. This was ensured by recording the
temperature before each measurement. Experi-
ments during which the temperature exceeded
the above range were discarded. All penetration
kinetic and OPD experiments were repeated in at
least three polymer samples.

Laser Interferometry

In the current work an experimental laser inter-
ferometer tool was used with high data acquisi-
tion capability.30 The supported PMMA film,
properly mounted on a holder, resided in a glass
cell equipped with a quartz window and filled
with the liquid penetrant (Fig. 2). During all the
experiments the liquid penetrant was stirred
with a magnetic stirrer. A laser beam emitting at
� � 638 nm (at this wavelength the absorption in
the film is negligible) was directed, at near-nor-
mal incidence, to the polymer–solution interface.
Part of the light beam was reflected from this
interface. The rest traveled in the polymer film
and, because of the refractive index difference
between the polymer film and the silicon sub-
strate, was reflected from the polymer–substrate
interface. The reflected beams fell on a detector
and the measured intensity varied with time dur-

ing sorption experiments as a result of thin film
interference effects. In the simple case of one dis-
tinct polymer–liquid interface moving at constant
velocity throughout the film, an oscillatory signal
of constant period and amplitude was obtained.
The thickness change d� of the dissolving poly-
mer, corresponding to the period of oscillation, is
given by

d� �
�

2�n2
2� n1sin2�

(3)

where � is the angle of beam incidence.
Before each experiment, a blank sample (sili-

con wafer without a polymer film) was aligned in
the cell, the cell was filled with the penetrant, and
the baseline output was recorded. The data acqui-
sition was properly initiated with the sample in-
sertion and the intensity recorded with a rate
higher than 100 measurements/s.

RESULTS AND DISCUSSION

Optical Microscopy and Two-Beam Interferometry
on Clamped Films

Solvent Penetrants

Dissolution of PMMA by pure MEK was accom-
panied by stress cracking. Shortly after immer-
sion of the polymer film in the pure liquid pene-
trant, front B developed a sawtoothlike appear-
ance, as shown in Figure 3(a), indicative of
microcrack formation, and small irregular frag-

Figure 2 Schematic presentation of experimental setup for laser interferometry
measurements during liquid penetration in very thin supported PMMA films.
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ments of polymer were detached from the bulk
polymer. The fringe pattern in the pure liquid
phase remained undisturbed up to front B, indi-
cating the absence of any surface layer behind
front B during dissolution. Eventually the micro-
cracks of Figure 3(a) developed into more sizable
cracks, which advanced in random directions into
the dry polymer and crossed, thus causing intense
fragmentation of the polymer [Fig. 3(b)]. Solvent-
induced cracking of PMMA was previously re-
ported in many cases, that is, during dissolution
by MEK,8,27,31 acetone,27 MIBK,31 tetrahydrofu-
ran,31 methyl acetate,7 and isopropyl alcohol/
MEK mixtures,11 and has been attributed to sol-
vent-induced osmotic stresses, which cause brittle
failure at weak points of the sample’s structure.
For a particular polymer, the occurrence and ini-
tiation time for crack development depend on the
solvent’s swelling power, prior thermal and me-
chanical history of the polymer sample, initial
conditions imposed on the experiments, and the
polymer sample’s geometry.31

In the present work, during the period preced-
ing intense fragmentation of the polymer film, the
propagation of front B could be measured and, as
shown in Figure 4, followed Case II kinetics. The
mean penetration rate dXB/dt was found to be
0.36 � 0.08 �m/min, within the range of 0.16–0.4
�m/min of dissolution rates found by other inves-
tigators for the same system.10,15,16,27,28 The cor-
responding OPD profile (Fig. 5) indicates the ex-
istence of a penetrant precursor front (consisting
of the infiltration and solid layers, according to
Ueberreiter’s7 terminology) ahead of front B. This
narrow precursor front in conjunction with the
serrated B front indicate that initial penetration
of MEK into the unrelaxed dry polymer is slow
and uneven (mostly into lower-density areas) and
substantial swelling occurs by brittle failure with
a high �R. Case II penetration kinetics indicate
that once swelling occurs, diffusion through the
swollen layer is very rapid, leading to a high MEK
concentration at XB. The vanishing thickness of
the surface layer should be attributed to very
small Ns, consistent with the high solvent power
of MEK and the high MEK concentration at XB.

Figure 3 Photographs taken during dissolution of
clamped PMMA films. (a) Interference fringe pattern
taken during the initial stages of dissolution by pure

MEK. BL, bulk liquid; DP, dry polymer film. The
fringes in the dry polymer film are outside the optical
field covered by this photograph. (b) Final stages of
intense fragmentation during dissolution by pure
MEK. (c) Interference fringe pattern taken during the
initial stages of dissolution by 80 : 20 v/v MEK/MA.
Notation as in (a).
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Mixtures of 80 : 20, 60 : 40, and 50 : 50 v/v
MEK/MA also dissolved PMMA. Representative
data of the propagation kinetics of front B for the
80 : 20 and 50 : 50 v/v MEK/MA mixtures are in-
cluded in Figure 4. The corresponding OPD pro-
files for all solvent compositions are included in
Figure 5, and the fringe pattern for the 80 : 20
MEK/MA mixture is shown in Figure 3(c). The
main features of the dissolution by MEK/MA mix-
tures are as follows:

1. As in the case of pure MEK, the OPD pro-
files exhibit a penetrant precursor front
ahead of front B. Although it is difficult to
establish the exact shape of this precursor

front, its width clearly tends to increase
with increasing MA content of the penetrant
mixture (Fig. 5).

2. In contrast to dissolution by pure MEK, the
OPD profiles of the mixtures exhibit definite
gradients behind front B [Figs. 3(c) and (5)],
indicating the existence of a surface layer of
low polymer concentration, which was found
to attain a constant thickness within the
experimental time of observation. The OPD
gradients tend to become more pronounced
with rising MA content of the mixture.

3. The onset of fragmentation was delayed and
its intensity reduced when the MA content
of the mixture was increased, until finally
no discernible crack formation occurred in
the case of the 50 : 50 mixture.

4. Increasing deviations from pure Case II ki-
netics were observed with rising MA content
in the mixture. This can be clearly seen by
plotting the data of Figure 4 on a log–log
scale, as shown in Figure 6. The relevant
plots conform to eq. (1) reasonably well; the
corresponding mean values of m, deduced
from log–log plots, were m � 0.95 � 0.03 for
pure MEK, m � 0.78 � 0.07 for 80 : 20, and
m � 0.60 � 0.01 for the 50 : 50 MEK/MA
mixture.

5. The mean rates of penetration (deduced
from the initially linear part of the XB ver-
sus t curves of the type shown in Fig. 4)
plotted as a function of MEK content of the
penetrant mixture in Figure 7, show an en-

Figure 4 Representative kinetic data of front B pen-
etration during dissolution of clamped PMMA films by:
pure MEK (F); 80 : 20 v/v MEK/MA (�); 50 : 50 v/v
MEK/MA (‚).

Figure 5 Representative optical path difference pro-
files �y(X	)/�y0 obtained during dissolution of clamped
PMMA films by: pure MEK (F); 80 : 20 v/v MEK/MA
(�); 60 : 40 v/v MEK/MA (ƒ); 50 : 50 v/v MEK/MA (‚).

Figure 6 Data of Figure 4 replotted here on a double
logarithmic scale. Values of exponent of eq. (1) deduced
from the respective slopes: m � 0.99 (pure MEK, F); m
� 0.76 (80 : 20 v/v MEK/MA, �); m � 0.60 (50 : 50 v/v
MEK/MA, ‚).
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hancement of penetration (and dissolution)
rate at intermediate compositions of
MEK/MA mixtures. A similar effect has
been observed during dissolution of PMMA
by MIBK/MA28 and MEK/water22 mixtures.

The above features constitute a complex but
informative picture of the effect of MA composi-
tion on the dissolution mechanism of PMMA by
MEK/MA mixtures, which can be interpreted in a
qualitative but consistent manner.

We first note that, although sorption of MEK in
PMMA is thermodynamically favored, feature (1)
clearly indicates that MA, thanks to its smaller
molecular size, infiltrates the dry polymer more
extensively than MEK. As a result of the conse-
quent plasticization effect, the polymer becomes
less brittle and cracking is prevented to some
extent (feature 3). MA-induced plasticization also
facilitates swelling deformability, thus increasing
the rate of relaxation (lower �R). As a result of
decreased �R, diffusion of the penetrant to front B
occurs at time scales comparable to those of the
relaxation process at the front, and penetration
becomes partly diffusion-controlled, as evidenced
by the observed deviations from Case II kinetics
(feature 4). On the other hand, in the thermody-
namically less favorable environment of MEK/MA
mixtures, compared to that of pure MEK, the
disentanglement of the polymer chains and their
further diffusion toward the pure penetrant
phase are expected to be hindered compared to

that of pure MEK (higher �d). Thus these pro-
cesses occur at finite times compared to the time
of relaxation at front B, and a surface layer of low
and gradually decreasing polymer concentration
is formed behind front B (feature 2). Finally, the
enhancement of penetration rate at the initial
stages of penetration of MEK/MA mixtures, com-
pared to the penetration of pure MEK (feature 5),
should be attributed to the lower relaxation time
�R prevailing in the former cases.

The above discussion indicates that MEK/M�
mixtures are thermodynamically poorer but ki-
netically better solvents of PMMA compared to
pure MEK. Thus, in terms of DEB number, pen-
etration of MEK/MA mixtures is characterized by
lower DEB number values (resulting in devia-
tions from Case II kinetics), compared to that of
pure MEK, because of lower relaxation times �R
(resulting in initially enhanced relaxation-con-
trolled penetration rates). In terms of Ns num-
bers, dissolution of the said mixtures is charac-
terized by higher Ns values (attributed to an in-
crease of �d and a concurrent decrease of �R)
compared to that of pure MEK.

Nonsolvent Penetrants

The OPD profile obtained during transport of
pure MA in PMMA is presented in Figure 8. The
low sorptive capacity of PMMA in pure MA is
evidenced by the large discontinuity at the swol-
len polymer–pure MA interface, which gives rise

Figure 7 Penetration rate dXB/dt deduced from opti-
cal microscopy experiments on clamped PMMA films
(F) and dissolution rate d�/dt deduced from laser inter-
ferometry experiments on thin supported PMMA films
(‚), versus the composition of the MEK/MA liquid mix-
ture.

Figure 8 Representative optical path difference pro-
files �y(X	)/�y0 obtained during penetration of nonsol-
vents in clamped PMMA films: pure MA (F); 20 : 80 v/v
MEK/MA (E); 30 : 70 v/v MEK/MA (�); 40 : 60 v/v
MEK/MA (ƒ).
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to the visible swelling front A. A less-dramatic but
still relatively sharp rise of �y(X	)/�y0 (represent-
ing a corresponding drop of MA concentration) is
observed near the dry polymer region, giving rise
to the visible penetrant front B. The OPD profile
between fronts A and B is flat, and a low MA
precursor front is observed ahead of B. The prop-
agation of front B was found to be linear with time
[Fig. 9(a)], whereas the movement of front A was
scarcely discernible. Thus, in line with previous
findings,14,21 penetration of pure MA exhibits all
the essential characteristics of Case II transport
described earlier in the introductory section. The
rate dXB/dt was found to be 0.35 � 0.01 �m/min,
within the range 0.1–0.40 �m/min reported pre-
viously14,21 for the same system.

Addition of 20% v/v MEK in the liquid pene-
trant did not have any appreciable effect on the
kinetics and the rate of front B propagation. The
shape of the OPD profile remained essentially

the same (Fig. 8). The lower �y(X	)/�y0 values in
the region 0 � X	 � X	B, compared to values for
penetration of pure MA, indicate an enhancement
of the overall level of sorption attributed to the
presence of MEK in the liquid penetrant mixture.
For the 30 : 70 MEK/MA mixture, the OPD profile
(Fig. 8) is very similar in shape, as well as in
numerical values of �y(X	)/�y0 with the OPD pro-
file for the 20 : 80 MEK/MA mixture, indicating
that sorption in the swollen polymer did not dras-
tically change. On the other hand, the rate of
front B propagation is reduced [Fig. 9(a)],
whereas the movement of front A becomes mea-
surable [Fig. 9(b)]. A further increase of the MEK
content of the liquid penetrant mixture to 40 : 60
MEK/MA composition resulted in increased sorp-
tion levels in the polymer (as shown by the corre-
sponding OPD profile in Fig. 8) and increased
rates of propagation of both fronts A and B [Figs.
9(a) and 9(b), respectively]. For all nonsolvent
mixtures studied, the movement of both fronts
conformed reasonably well to Case II kinetics,
and mean values of the corresponding rates
dXB/dt are included in Figure 7. In line with the
absence of any significant diffusion limitations in
the relaxation-controlled propagation of front B,
the corresponding OPD profiles were more or less
flat in the 0 � X	 � X	B region.

A possible interpretation of the observed min-
imum in the rate of front B at low MEK composi-
tions can be based on the assumption that the
presence of small amounts of sorbed MEK in the
swelling polymer does not significantly contribute
to the penetration at front B, because of its low
activity and the restrictions imposed in penetra-
tion by its relatively larger molecular size com-
pared to that of MA. Its main effect is to reduce
the driving force for MA penetration, through the
reduction of MA’s activity in the liquid mixture.
This reduction seems to have no discernible effect
on the rate of penetration for the 20 : 80 MEK/MA
mixture, but becomes significant for the 30 : 70
MEK/MA composition, and as a result the pene-
tration rate of front B is reduced [Fig. 9(a)]. On
the other hand, because of the thermodynamic
compatability of MEK with PMMA, even small
amounts of MEK induce significant plasticization
of the penetrated region of polymer, which can
now more easily swell in the X direction [Fig.
9(b)]. Upon further increasing the MEK content
to 40 : 60 MEK/MA composition, a considerably
higher level of sorption is attained in the polymer,
as evidenced by the OPD profile, and the thresh-
old for dissolution is approached. Because of the

Figure 9 Representative kinetic data for transport of
nonsolvents in clamped PMMA films. (a) Penetration
front B: pure MA (F); 30 : 70 v/v MEK/MA (ƒ); 40 : 60
v/v MEK/MA (‚). (b) Swelling front A: 30 : 70 v/v
MEK/MA (�); 40 : 60 v/v MEK/MA (Œ).
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contribution of MEK in the penetration rate, as a
result of its increased activity in the mixture, the
rate of front B is increased [Fig. 9(a)]. Also, as a
result of higher sorption and consequent intense
plasticization effects, the rate of front A is also
increased [Fig. 9(b)].

Laser Interferometry on Thin Supported Films

The interferometric signal obtained during expo-
sure of a supported 0.9-�m-thick PMMA film in
pure MEK is shown in Figure 10. The sinusoidal
signal, consisting of one oscillatory component
with constant amplitude and period, indicates the
existence of one distinct polymer–liquid interface
moving at constant velocity throughout the film,22

in line with the results of optical microscopy and
two-beam interferometry. The period of oscilla-
tion, measured from peak to peak, in conjunction
with eq. (3) yields a rate of thickness change d�/dt
� 0.29� 0.02 �m/min, very close to the mean rate
of penetration dXB/dt obtained from optical mi-
croscopy.

The interferometric signals for the 80 : 20 and
the 60 : 40 MEK/MA mixtures (also shown in Fig.
10) depict essentially the same features as the
signal for pure MEK, except for the fact that, in
the case of the 60 : 40 mixture, the maxima of the
interferometer trace are lower in intensity com-
pared with that of the final baseline, produced
from the reflection on the bare substrate. This
feature points to a reduction of the sharpness of
the penetrant front,15,24 possibly attributable to a
surface layer and/or an extended precursor front

(Fig. 5). The constant period of oscillation for both
mixtures indicates the absence of deviations from
Case II transport during the laser interferometry
experiments, in contrast to the results of optical
microscopy (Figs. 4 and 6). This is expected, given
that the maximum penetration distances in the
former experiments are about 1 micron, and thus
correspond to the initially linear (Case II) part of
the XB versus t plots of Figure 4. The main point
of interest here is that the rates d�/dt deduced
from the laser interferometry experiments and
included in Figure 7, show the same trend, as well
as similar numerical values, with increasing
MEK content as the corresponding results of front
B initial penetration rate dXB/dt.

We also applied laser interferometry in the
40 : 60 MEK/MA mixture. The results, shown in
Figure 10, depict two partially superimposed os-
cillatory components, in line with the existence of
two distinct interfaces (fronts A and B) found in
the optical microscopy and two-beam interferom-
etry experiments. Although it is not possible to
obtain reliable rates from this signal, we may
note that the time needed for completion of the
process is considerably longer than the corre-
sponding times of the solvent mixtures of higher
MEK content. In fact, by dividing the initial
thickness (0.9 �m) of the sample by the time
needed for completion of the process (650 s), a rate
of 0.08 �m/min is obtained, within the limits of
experimental error of the penetration rate dXB/dt
(�0.15 � 0.06 �m/min) deduced from optical mi-
croscopy experiments.

CONCLUSIONS

In the present work we report the swelling and
dissolution behavior of PMMA films during uni-
dimensional penetration of MEK/MA mixtures at
22°C. Optical microscopy and two-beam inter-
ferometry with a light beam perpendicular to the
axis of penetration were applied to clamped
PMMA films, to study the full range of composi-
tions of solvent–nonsolvent mixtures. Laser inter-
ferometry with a light beam parallel to the direc-
tion of penetration was applied to very thin
PMMA films, supported on a silicon substrate, to
study selected cases.

The main findings by application of the former
techniques are as follows:

1. The transition from dissolution to swelling
behavior occurred in the region between 50 :

Figure 10 Interferometric signal during exposure of
supported PMMA film to (a) pure MEK; (b) 80 : 20 v/v
MEK/MA; (c) 60 : 40 v/v MEK/MA; (d) 40 : 60 MEK/MA
mixtures.
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50 and 40 : 60 v/v MEK/MA compositions,
very similar to the corresponding transition
region found previously for MEK/isopropyl
alcohol and MIBK/MA mixtures at 24.8°C.27

2. Dissolution by pure MEK was controlled by
Case II penetration kinetics. Swelling at the
penetration front (B) generated brittle fail-
ure, which eventually led to fragmentation.
The vanishing thickness of the surface layer
behind front B indicates that dissolution
was characterized by low Ns number as a
result of the high relaxation time �R at the
front and the low chain disentanglement
time �d, consistent with the high solvent
power of MEK.

3. Introduction of MA in the liquid solvent re-
sulted in a more efficient penetration of the
smaller MA molecules into the dry unre-
laxed polymer, as evidenced by the more
prominent precursor fronts ahead of front B.
As a result of MA-induced plasticization,
fragmentation was delayed compared to
that in pure MEK and the time �R of the
relaxation process at the front was reduced,
as evidenced by the enhanced penetration
rates at the early stages of the process. The
observed deviations from Case II kinetics at
the later stages are also attributed to a
lower �R, resulting in partly diffusion-con-
trolled kinetics. The existence of a surface
layer behind front B indicates that dissolu-
tion by MEK/MA mixtures is characterized
by higher Ns numbers attributed to the de-
crease of �R and a concurrent increase of �d,
consistent with the lower solvent power of
the said mixtures compared to that of pure
MEK.

4. Swelling by pure MA, as well as by nonsol-
vent MEK/MA mixtures, was characterized
by Case II kinetics of penetration and by
small concentration gradients in the swollen
polymer region between the swelling edge A
of the film and the advancing penetrant
front B. The extent of absorption was found
to be low for MA and increased with increas-
ing MEK content. In line with the resulting
increased plasticization of the penetrated
polymer, the rate of swelling front A was
also found to increase with increasing MEK
content. On the other hand, a pronounced
minimum in the penetration rate versus
mixture composition was observed at 30 : 70
MEK/MA. A possible interpretation may be
based on the assumption that the larger

MEK molecules in the penetrant mixture
reduce the driving force for MA penetration,
without effectively contributing to penetra-
tion at the front itself.

The main features of the laser interferometric
signal for pure MEK, as well as for the 80 : 20 and
60 : 40 MEK/MA mixtures, indicated the exis-
tence of one distinct front moving linearly with
time, in line with the results obtained by optical
microscopy. In addition, the deduced rates of dis-
solution showed the same trend with increasing
MA content as that of the experiments in clamped
PMMA films. The signal for the 40 : 60 MEK/MA
was consistent with the existence of two moving
sharp fronts, in line with the results in clamped
films.

The laser interferometry technique applied in
thin supported films is a simple and fast method
for the evaluation of the lithographic characteris-
tics of a certain polymer-developer system. On the
other hand, reliable conclusions are easily
reached only for Case II dissolution rate in the
absence of a surface layer that reduces the sharp-
ness (and thus the reflectivity) of the sharp front.
Otherwise, either a solvent concentration profile
has to be adopted a priori to interpret the inter-
ferometric signal, or another experimental tech-
nique, yielding additional information on the
transport process, has to be applied.24 The tech-
niques of optical microscopy and two-beam inter-
ferometry applied in this study require consider-
ably thicker films, pressed between glass plates to
ensure penetration along the plane of the film.
Thus both the direction of penetration into the
film and the external constraints imposed on its
swelling differ from those prevailing in the laser
interferometric technique, which corresponds
more closely to the conditions of lithography. In
spite of these differences, the results obtained
here by these techniques are very similar (not
only with respect to the transport and dissolution
mode, but also with respect to the numerical val-
ues of rates of penetration and dissolution). This
finding is very promising in the sense that the
aforementioned techniques can be used jointly to
gain further insight into the phenomena of inter-
est in lithography, bearing in mind that two-beam
interferometry can provide reliable informa-
tion on the penetrant concentration profile inde-
pendently of the nature of the kinetics of penetra-
tion.
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