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Early-stage roughening of the polymer-polymer interface approaching the glass transition

temperature by real-time neutron reflection
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The early-stage roughening of the interface between thin deuterated poly(methyl methacrylate) (d-PMMA)
layers on thick polystyrene (PS) films was studied as a function of the temperature using real-time specular
neutron reflectivity. By measuring the growth of the interface roughness as a precursor of the dewetting, the
characteristic time constant of the early stages of the process was studied as a function of the temperature
approaching the glass transition temperature (Tg) of the two polymers from above and compared with the
prediction of the growth of the interface by the spinodal process. Both solid and liquid regimes were probed,
in which the viscosity of the thin film or the substrate dominates respectively. The characteristic growth time
of the process also depends on the upper film thickness to a power of 5 or 6 in the solid or liquid regimes,

respectively, as predicted by the theory of spinodal dewetting.
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I. INTRODUCTION

The roughening of the surface and interface of a thin
polymer film as the precursor process of the dewetting is an
interesting process in polymer physics related to the growth
of capillary waves at the surface and interface: during this
process, at the early stages, the interface and surface grow
with a characteristic time that is related mainly to the vis-
cosities and thicknesses of the films [1-5]. While the final
stage of the spinodal dewetting process, where a thin liquid
film breaks up forming the classic network pattern has been
extensively studied using imaging techniques, such as atomic
force microscopy and optical microscopy ([6—10] to cite a
few), the study of the early stage of the growth of the inter-
face has been less studied, mainly because being at a burred
interface presents an experimental challenge. Neutron reflec-
tivity has proved essential to investigate this process [4,11].
In the case of a thin polymer film on a polymer substrate,
solid and liquid regimes are predicted depending on the rela-
tive viscosities of the layers, with different time constants for
the film breakup: a solid regime is where the viscosity of
substrate is much greater than the one of the top layer and the
process is governed by the viscosity of the top thin film,
where in the liquid regime the viscosity of the substrate
dominates [1-3]. These regimes for a polymer-polymer sys-
tem could be probed for the same system by selecting appro-
priate molecular weights (MW) of the polymers and anneal-
ing temperature. In our previous studies on the dewetting of
a thin polymer film on a polymer substrate, we have inves-
tigated a thin poly(methyl methacrylate) (PMMA) film on a
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thick polystyrene (PS) layer. We have observed the growth of
the interface and surface, associated to the unstable growth
of capillary waves, by both specular and off-specular neutron
scattering at the early stages [4,11], and the characteristic
pattern of the spinodal dewetting, with a length of the order
of microns, by atomic force microscopy (AFM) at the late
stages of the process [12]. In particular, by measuring the
growth of the interface at the early stage, we were able to use
this process to probe the scaling of the top PMMA thin film
viscosity with temperature and molecular weight (MW) and
we have found that for the temperatures and MW used, the
scaling reflects bulk behavior. In those systems we were in
the condition of the solid regime, where the dewetting is
mainly related to the viscosity of the top thin layer [11]. To
gain more insight on the observed instability of the
PMMA-PS system, we have studied the early stage of the
roughening of the interface by performing various neutron
reflectivity experiments on the same combination of MW and
thicknesses of the polymers using different annealing tem-
perature from 164 °C to 110 °C approaching the glass tran-
sition of both polymers. Different regions of the growth rate
of the interface were observed as a function of the tempera-
ture: we observe a transition from the solid regime to the
liquid regime for the characteristic rise time of the interface
when the annealing temperature was decreased. Considering
the slippage length at the interface between the two poly-
mers, the results were well described by the theory of spin-
odal dewetting. The characteristic growth time of the process
also depends on the upper film thickness with to a power of
5 in the solid regime and 6 in the liquid one.

II. EXPERIMENTAL SECTION

Systems were prepared by first spin coating polystyrene
(PS) (molecular weight ~1.9 M g/mol) onto single crystal
silicon substrates from toluene solution. The deuterated
poly(methyl methacrylate) (d-PMMA) layer (molecular
weight=155 K g/mol or 120 K g/mol) were first spun from
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TABLE I. Summary of the MW, thickness (t), and temperature
(Temp.) of the various PS and PMMA systems.

MWopyivia MWpg TPMMA Tps Temp.
(g/mol) (g/mol) (A) (A) (°0)
1.55%x 10° 1.98 X 10° 82 1501 110
1.55X 103 1.98 X 10° 81 1550 120
1.20x 103 1.93 X 100 81 1488 135
120X 10° 1.93 X 10° 77 1480 140
1.20X 10° 1.93x 100 76 1489 146
1.20X10° 1.93 X 100 77 1467 152
1.20X 10° 1.93 X 10° 108 1502 148
1.20X 10° 1.93 X 100 106 1510 152
1.20X 103 1.93 X 100 111 1514 155
1.20X 10° 1.93 x 10° 105 1495 158
1.20% 10° 1.93 X 100 112 1561 164

toluene solution onto glass slides and the resulting films were
then floated in water and deposited on top of the PS layers.
All the polymers were obtained from Polymer Laboratories
(UK) and had MW/Mn=1.1 or less. The films were then
annealed for some time at temperature well below the glass
transition to allow the evaporation of the solvent and relax-
ation of the polymers to take place. In order to study the
dynamic of the dewetting process of the PS by a PMMA thin
film, samples have been annealed at different temperatures
above T,, and specular neutron reflectivity has been mea-
sured.

The earlier growth of the interface and surface rough-
nesses was measured with real-time specular neutron reflec-
tivity. The reflectivity curves were acquired by selecting a
restricted range of ¢ and measuring the curves in situ every
~10 min. Neutron reflectivity experiments were performed
on reflectometers in different facilities: SURF at the Ruther-
ford Appleton Laboratory (UK), D17 at the Institut Max Von
Lau-Paul Langevin (France), and V6 at the Hein Meitner
Institut (Germany). On SURF and D17, we measured in sifu
neutron reflectivity: after measuring the specular reflectivity
over the full ¢ range before annealing, the samples were
annealed in sifu, in the neutron beam, at a fixed temperature.
We followed the dewetting process by continuously measur-
ing the reflectivity at one angle: this angle was chosen in
order to follow the decay of the fringe characteristic of the

TABLE II. Summary of the MW, thickness, and temperature of
the different PS and PMMA systems.

MWpnma MWps IPMMA Ips Temp.

(g/mol) (g/mol) (A) (A) (°C)
1.55%10° 1.98 X 10° 53 1518 120
1.55X10° 1.98 X 10° 64 1550 120
1.55X10° 1.98 X 10° 81 1499 120
1.55X10° 1.98 X 10° 81 1488 135
1.55%10° 1.98 X 10° 95 1515 135
1.55% 10° 1.98 X 10° 125 1502 135
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FIG. 1. (Color online) In situ reflectivity curves for an 80 A
d-PMMA layer on a PS substrate of 1500 A annealed at 110 °C for
different annealing times reported in the figure. As the annealing
time increases the fringe related to the thickness of the d-PMMA
layer decreases in intensity. The lines are the fit obtained using the
surface and interface roughness as variable parameters (see text for
details). Data from ILL (Grenoble).

interference of the front and back of the d-PMMA film thick-
ness. The resolution was adapted to reduce the time required
for each run and be able to collect a large number of data
points: on D17 it was 6%, while on SURF it was 8%. On the
reflectometer V6 at HMI, we performed specular neutron
reflectivity experiments on series of samples previously an-
nealed in a vacuum oven: we followed the growth of the
interface by measuring the reflectivity over the full ¢ range
on samples annealed at the same temperature for different
length time. The resolution was 6%.

As for our previous experiments [4,11], we kept the MW
of the PS at 1.98 M or 1.93 M g/mol and the MW of the
d-PMMA at 155K or 120 K g/mol. Different series of
samples have been measured. For two different values of
d-PMMA thickness (80 A and 110 A) the dewetting process
has been studied as a function of the annealing temperature,
in the range 110—164 °C. Table I shows the MW and the
film thicknesses of the various systems investigated.

In other series of samples, the PMMA thickness has been
changed while the annealing temperature was fixed (120 °C
and 135 °C). The thickness of the bottom layer of PS was
fixed for all the samples at about 1500 A. Table II summa-
rizes the systems studied.

The film thickness of both layers, as well as the silicon
oxide layer on the silicon substrate, were measured by ellip-
sometry prior the final preparation of the sample. Figure 1
shows as an example a set of in situ reflectivity measure-
ments for the 80 A d-PMMA layer, respectively, on PS sub-
strates annealed at a temperature of 110 °C. The prominent
fringe is the result of interference between the front and the
back of the d-PMMA layer, while the high frequency fringes
are connected to the PS thickness. During the annealing the
visibility of the fringe is reduced as the roughnesses present
at surface and interface are increasing with the annealing
time.

III. RESULTS

The measured neutron reflectivity profiles were analysed
using the multilayers model silicon substrate-silicon oxide-
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FIG. 2. (Color online) Surface and interface roughness as a
function of the annealing time for a PMMA layer of 80 A deposited
on a PS substrate of thickness 1500 A annealed at 110 °C. The
error on the roughness is shown on the first point only for clarity.
The line is an example of the fit obtained using Eq. (1).

PS-deuterated PMMA-air. The silicon oxide layer thickness
has been fixed to the value measured with ellipsometry,
while the PS and the PMMA film thickness have been deter-
mined from the fringes in the reflectivity curves (the value
obtained by the fit were in good agreement with the value
obtained by ellipsometry). During the fit, the roughness of
the silicon oxide layer has been fixed to 5 A, as we have
measured with neutron reflectivity on uncoated substrates
[4,11]. The values of the scattering length densities used for
the two polymers were respectively 6.7X 1070 A2 for
d-PMMA and 1.4 X 107° A2 for PS. The reflectivity profiles
measured during the annealing process have been fitted using
two variable parameters, the PS—d-PMMA interfacial rough-
ness and the d-PMMA surface roughness. For all the samples
an immediate increase in both the roughnesses was observed,
which may be due to the broadening of the intrinsic width of
the interfacial region. This is followed by a gradual increase
in the roughness at surface and interface that represents the
early stage of the interfacial instabilities precursors of the
dewetting. The development of the surface and interface
roughness for 80 A PMMA film on a PS layer annealed at
110 °C is shown in Fig. 2. Due to the high viscosity of the
polymers at this temperature, close to the glass transition
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FIG. 3. (Color online) Interface roughness as a function of the
annealing time for 80 A PMMA films deposited on a PS substrate
of thickness 1500 A. The annealing temperatures were 140 °C
(open square) and 152 °C (full symbol). The error on the roughness
is shown on the first point only for clarity.
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FIG. 4. (Color online) Reflectivity at the beginning and after
300 min of annealing for 80 A PMMA films deposited on a PS
substrate of thickness 1500 A. The annealing temperatures were
146 °C. Data from CRISP (RAL)

temperature, the growth is slow and both surface and inter-
face roughness present similar growth.

Figure 3 shows instead the earlier growth of the PS/
PMMA interface roughness for PMMA films of 80 A an-
nealed at different temperatures, 140 °C and 152 °C. For
both samples, the roughness increases by a significant
amount, but the roughening time is lower for the higher tem-
perature. The dewetting of the top layer is evident in Fig. 4
where we show the reflectivity for the final stage of the pro-
cess in comparison to the reflectivity at the beginning: the
fringe associated to the thin PMMA layer disappeared.

From Figs. 2 and 3, it is clear that the earlier growth of
the interface is characterized by a well-defined time scale
that depends on the PMMA thickness and on the annealing
temperature. This is the reason why it is very crucial to pre-
pare samples with similar thickness. To determine the char-
acteristic earlier roughening time 7 for the different systems
studied, the growth of the roughness in the early stage of the
process has been fitted using the expression introduced in our
previous paper [11]:

B T f ’,7
olr) = \/A+$(”), (1)
Nt T

where in the square root expression the first term represents
waves vectors of capillary waves that do not grow in ampli-
tude while the second term represents those that grow in
amplitude with the annealing time 7. This relation was ob-
tained by considering that the growth in capillary roughness
is given by o,()={(s(t)—e)?), with e the thickness of the
thin film and s=e+u,e™'e"™ representing the perturbations
obeying the dispersion relation for 7,. By integrating the

q
roughness above over all wave vector, Eq. (1) was obtained

[11].

Figure 5 shows the characteristic time 7, obtained from
the fits, as a function of the annealing time for two different
thicknesses of the PMMA film, 80 A and 110 A, together
with the results we have obtained previously for the 137 A

[11].
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FIG. 5. (Color online) Characteristic growth time of dewetting 7
as a function of the temperature of annealing for 80 A (open circle)
and 110 A (full square) and 137 A (taken from [11]) (triangle) from
d-PMMA films. The continuous lines represent the theoretical pre-
diction divided by a scale factor of the order of 10* in the solid-
substrate regime (line) and in the liquid-substrate regime (dotted
line) (see text for details). All the data points corresponding to
110 A were obtained from in situ experiments at ISIS (RAL), as
well as for 80 A except the data points for 7=110° and 120° mea-
sured from in situ experiments at ILL. The data point for 7=135°
was measured using the all g range on V6 (Berlin).

IV. DISCUSSION

From Fig. 5 we can observe that for higher temperatures
the dewetting process is very fast, while the characteristic
growth time increases for lower temperatures. The dewetting
time also depends strongly on the thickness of the PMMA
layer, and thicker layer presents longer time scale. To ana-
lyze these results more quantitatively, it is important to de-
fine the regime of the substrate. For a liquid film of viscosity
nr on a substrate of viscosity 7, the crossover from a liquid
to a solid substrate regime should occur when

75> (np/OF), (2)

where O is the Neuman equilibrium contact [2], determined
by the values of the interfacial tension between PS and
PMMA and the surface tensions of the two polymers [13].
Since the angle ®p is of the order of 1 radiant (1.28 has been
calculated for T=150 °C [14]), an estimation of the viscosity
of the two polymers as a function of the temperature is re-
quired to probe the regime of the PS substrate. To predict the
dependence of the viscosity 7 on the temperature, the
William-Landel-Ferry (WLF) equation has been used [15],

—CI(T—TO)>

Cy+(T-T) G)

WT) =1 exp(
where 7, is the zero shear rate viscosity, i.e., the value of the
viscosity at a reference temperature 7, C; and C, are con-
stants that depend on the reference temperature chosen, and
T is the temperature.

To estimate the PMMA viscosity 7pypa, two different
reference temperatures have been used in Eq. (3). Above
160 °C the reference temperature was 190 °C and the rela-
tive values of the constants C; and C, were respectively
C,=8.9 and C,=176 [16]. The zero shear rate viscosity at
190 °C found in the literature for PMMA of molecular
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weight MW=10° g/mol is 7,=1.04X10° Pas, and it has
been corrected with the equation 7<MW3% to obtain the
value correspondent to the molecular weights used (MW
=1.20X 10° g/mol and MW =1.55 X 10°> g/mol).

For temperatures below 160 °C, the glass transition tem-
perature for PMMA (7,=105 °C) has been used as a refer-
ence temperature with C;=20.9 and C,=58 [17]: the viscos-
ity at 7, has been determined from Eq. (3) using the value
previously determined for 7(7) at T=160 °C. The values
obtained for the PMMA viscosity at the glass transition fol-
lowing this procedure are 7(7T,)=3.8X 10" Pas for MW
=1.20%10° g/mol and 7(T,)=9.1X 10" Pas for MW
=1.55X10° g/mol.

To calculate the PS viscosity, 7ps the WLF equation has
been used considering the glass transition as a reference tem-
perature (for PS 100 °C) and the values C;=13.7, C,=50.0
for the two constants [17]. To determine the zero shear rate
viscosity 7, at the glass transition, the value of viscosity
79=3.4X10* Pa's for MW=2.4 X 10°> g/mol at 183 °C [18]
has been used. The value calculated for 7, is 1.9
X 10" Pas for MW=1.9 X 10° g/mol. These values of vis-
cosity are consistent with other values found in the literature
[19]. A comparison between the values obtained for the vis-
cosities of PS and PMMA as a function of the temperature
shows that for both the molecular weights of the PMMA
used, there is a crossover from a liquid to a solid substrate
when the temperature is increased. In the case of PMMA
with molecular weight 1.20 X 10° g/mol it should occur at
about 122 °C, while for MW=1.55 X 10° g/mol it should be
at about 129 °C.

It is therefore possible to define regions with different
regimes: for temperatures lower than ~120 °C the substrate
behaves like a liquid, while for temperatures well above the
crossover the substrate can be considered as a solid.

In the solid substrate regime assuming no slippage at
polymer-polymer interface, the characteristic growth time
Tgor 18 directly proportional to the viscosity of PMMA,
Npmma» following the equation [1,2]

Tsor = 3 Mppmal 24> ¥g))), (4)

where d is the PMMA thickness, 7y is the interfacial tension
and g, is the wave vector of the capillary waves that grows
faster. The values of the viscosity estimated for PS and
PMMA as a function of the temperature have been used in
Eq. (4) to compare the experimental 7 with the theory. The
PS/PMMA interfacial tension used is 2 mN/m, where the
temperature dependence, that does not influence significantly
the results, has been ignored [20].

The characteristic wave vector g,, can be estimated using
our off-specular measurements on the same sample structure
with similar thickness [4]: using g,,=27/\,,, where \,, is the
wavelength of the capillary waves that growth faster, we es-
timate ¢,,~7 X 10° m~' for the PMMA layer of 80 A and
gn~4%10° m™! for the PMMA layer of 110 A [4].

The experimental values found for 7., are approximately
four orders of magnitude lower than the theoretical bulk
value.
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This factor may be explained assuming slippage at
polymer-polymer interface. In this case it is possible to de-
fine an extrapolation length b that measures the slippage,
given by the ratio between the viscosity and the friction co-
efficient k, b=n/k [21]. Assuming slippage, Eq. (4) can be
written as

Tsor = 3 Mpumal[2d%(d + 3b) g,,]. (5)

If Eq. (5) is used to determine the extrapolation length
from the experimental data, in order to obtain a good agree-
ment with the experimental results, as shown in Fig. 5, a
value of b is around 15 wm for the 80 A system, and around
30 um for the 110 A are needed (the solid lines in Fig. 5
represent the estimated values using these values of b).

The slippage length b, of the order of tens of microns is
similar to the ones observed in other polymeric systems [22].
A simple upper bound for b is given by the following equa-
tion [23]:

b=—, (6)

where 7 is the viscosity, a is the characteristic polymer
length (the statistical segment length), and € is the mono-
meric friction coefficient. € can be expressed in terms of the
viscosity as [23]

36mp
€= ()

where p is the volume occupied by a molecule and N is the
degree of polymerization. Thus Eq. (6) becomes
: a*N?
T 36p

(8)

Using a characteristic length a of 7 A [4], a volume per
molecule p of 174 A3 [4] and ~1200 for the degree of po-
lymerization N of PMMA, the estimated upper limit value
for the extrapolation length b is 55 wm, consistent with the
estimated values of around 15-30 wm extracted from our
experimental results.

The dependence of the time constant of the dewetting
process on the thickness of the PMMA layer has also been
analyzed. The theory in the solid regime predicts for 7 a
strong dependence on the PMMA thickness. In fact consid-
ering that from the theory ¢,, is proportional to 1/d* [2,4],
Eq. (4) give 7go,*d’ [1,2]. In Fig. 6 the ratio 7g,,/d> has
been plotted for samples with different PMMA thicknesses.
For temperatures higher than 140 °C the data collapse to the
same values suggesting indeed a dependence on the fifth
power on the PMMA thickness.

Below 145 °C the experimental data show a slow down
on the characteristic growth time, probably connected to the
fact that in this region the PS and PMMA viscosities are of
the same order of magnitude: the resulting characteristic
growth time is then given by a combination of both the vis-
cosities.

For temperatures below 135 °C (liquid regime), the char-
acteristic growth time 7 for the dewetting of the PMMA thin
film on the liquid PS substrate depends on the PS viscosity
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FIG. 6. (Color online) Characteristic growth time of dewetting 7
divided by the @® (d is the PMMA thickness) as a function of the
temperature of annealing for 80 A, 110 A, and 137 A [11] PMMA
films on PS substrates (see text for details).

75. Assuming slippage, 7,0 is given by the following equa-
tion [2]:

1o = 3n5/[2d(d + 3b) yq,D], 9)

where D is the thickness of the PS substrate. Using the same
slippage factor found in the solid-substrate regime, there is a
reasonable agreement between the calculated values and the
experimental results, as shown by the dotted line in Fig. 5. In
the transition from solid to liquid regime the dependence of
the characteristic growth time on the thickness of the top
layer should increase. For a thin layer on a liquid substrate
the theory predicts for 7a dependence on the sixth power of
the thin film thickness, TLIQOCd6 [1,2]. In Fig. 7 the experi-
mental data obtained for 7 as a function of the PMMA thick-
ness for two fixed annealing temperatures are compared with
the theoretical prediction.

The data were fitted using equation 7=3777pgyd®/
(2A%D), where the theoretical values for the viscosities, the
interfacial tension, the Hamaker constant A, and the thick-
ness of the bottom layer were inserted in the equation and
just the power x of the exponent of d* was fitted. With this
limited set of data in the liquid substrate regime, we obtained
a dependence on the thickness of 6.1+0.3 and 5.8+0.3 for

2000
1600
= T=135°C
—~1200+
E e T=120°C
= 800+
-
400+ e L]
o = %
60 80 100 120
dPMMA thickness (A)

FIG. 7. (Color online) Characteristic growth time 7 as a function
of the thickness of the PMMA film for two different annealing
temperatures: 120 °C and 135 °C. At 120 °C the fit shows agree-
ment with the theoretical prediction for the liquid regime (7~ d°).
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the 120 °C and 135 °C cases, respectively, in good agree-
ment to the value predicted for the liquid regime of 6 [1,2].

V. CONCLUSIONS

We have studied the early stages of the roughening of the
interface as the precursor process of the interfacial instabili-
ties of a thin polymer film on a polymer substrate with real-
time neutron reflectivity. By following the growth of the in-
terface as a function of the time at different annealing time
approaching T, from above, we were able to extract the char-
acteristic rise time of the instability and to compare it with

PHYSICAL REVIEW E 73, 061804 (2006)

the prediction of the spinodal dewetting process. Both solid
and liquid regimes, where the viscosity of the top or bottom
layer dominates respectively, were characterized. The char-
acteristic growth time depends also on the fifth power of the
top thin layer in the solid regime and on the sixth power in
the liquid regime as predicted by the theory.
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