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Abstract This contribution introduces a new class of
materials for improving the stability of polystyrene
(PS) ultrathin films. Two types of three-arm polystyre-
nes (TA-PS) with different arm lengths are added into
PS thin films with thicknesses of 7 and 23 nm.
Concentration of the TA-PS additives is varied from
0 to 40 wt%. The morphological change of PS films
upon annealing above its glass transition temperature
is followed by utilizing optical and atomic force
microscopy. Our results show that the addition of
TA-PS into PS films leads to significant improvement
of the film stability. The dewetting rate of PS film
containing only 5 wt% of TA-PS is 3 times slower than
that of the pure PS film. The increase of TA-PS
concentration results in systematic decrease of the
dewetting rate. We also observe that the dewetting-
suppression efficiency of the TA-PS depends signifi-
cantly on its arm length.
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Introduction

Polymeric thin films have numerous technological
applications such as dielectric coating, lithography
resisting, electronic packaging, and surfaces lubricat-
ing. As many electronic products and other devices are
becoming smaller, the thinner polymeric coating is
required. However, many ultrathin polymeric films
have problems with instability as the films tend to
break up and dewet the substrate surface. The issues
must be addressed to obtain a homogenous and
continuous coating. It has been known that the stability
of polymeric thin films depends on many parameters
such as film thickness, interfacial interactions, temper-
ature, and molecular weight.'” By decreasing film
thickness and/or annealing above glass transition tem-
perature (7,), the polymeric films tend to become
unstable and disintegrate into droplets."® This phe-
nomenon is known as the dewetting, which can
generally be described by three stages.”’ At an early
stage, the increase of thermal interfacial fluctuation
upon annealing above T, causes the formation of small
holes on the film. With an increase in the annealing
time, the holes grow and eventually coalesce, forming
unstable polygon structures. In the final stage, the
polygons break up into hemispherical droplets where
the interfacial energy determines their contact angles.
Generally, the dewetting mechanisms can occur via
spinodal and/or heterogeneous nucleation processes.
Detailed descriptions of ]%olymeric film dewetting are
available in the literature.'” An unfavorable interfacial
interaction between polymeric molecules and the solid
substrate accelerates the dewetting process.’
Scientists have made tremendous efforts, seeking
the effective methods to eliminate or at least retard the
dewetting of polymeric thin films. The techniques used
for inhibiting this behavior are based on two general
principles, thermodynamics and kinetics.” The thermo-
dynamic strategy focuses on surface energies of solid
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substrate and/or polymeric molecules. By modifying
the interfacial tension between film and substrate, the
stability of polymeric thin film is improved.*?’ For
example, the substrate surface is modified by chemlcal
compositions with high affinity to the polymer film.'"
Thus, the interfacial tension between film and substrate
is attuned, which improves the stability of polymeric
thin film. Although the substrate modification can
provide strong interfacial interactions, it generally
involves a complicated process. An alternative tech-
nique relies on polymer modification. Functionalized
polymers with adherent groups can segregate to the
solid substrate.!"1%181921 Therefore, the addition of
functionalized polymers such as sulfonated polystyrene
with a sulfonation level of 0.76-6.5 mol% or poly(styr-
ene-stat-chloromethylstyrene)  with 5 mol%  of
chloromethylstyrene group into polystyrene (PS) thin
film can enhance interfacial interactions, which in turn
retard the dewetting process.'>'*!31¢ A fascinating
strategy to suppress the dewetting of Zgolymeric thin
films is also presented by Barnes et al.” The addition
of small amounts of fullerene nanoparticles into PS and
polybutadiene thin films results in significant enhance-
ment of their stability. In recent years, many research-
ers have investigated the mechanism of this
phenomenon and have discovered that other nanopar-
ticles can also be used as dewetting inhibitors.”’

The suppression of thin film dewetting can also be
achieved by reducing the mobility of polymeric chains.
This technique is based on kinetic strategy. The addition
of chemical crosslinkers or some foreign molecules to
polymeric films promotes interchain interactions, which
in turn results in the increase of film viscosity (i.e.,
decrease of polymer mobility). The chemical crosslink-
ing can be generated by UV- hght irradiation or the
addition of some chemical agents.>* The improvement of
thin film stability by adding foreign molecules is rarely
investigated. Xu and co-workers investigated the dewet-
ting process of blended films between linear PS and four-
arm poly(4-vinylbenzyl chloride) (PVBC).* Since the
surface energy of four-arm PVBClis relatively high, they
segregate to polar SiO,/Si substrate, forming a bilayer
structure. The improved interfacial interaction in this
system leads to the increase of film stability. Our recent
study proposes a new class of highly branched aromatic
(HB 2 molecules as a dewetting inhibitor for PS thin
films.>® We observe that the addition of only 0.5 wt%
HBA results in a significant increase of the PS film
stability.

In this study, we present our continuous efforts to
explore a different class of materials as a dewetting
inhibitor for PS thin films. Two types of three-arm
polystyrene (TA-PS) are added into PS thin films with
thicknesses of about 7 and 23 nm. The chemical
structure of TA-PS with different arm lengths is shown
in Fig. 1a. The surface energy of TA-PS is comparable
to that of PS (see Table 1). Therefore, TA-PS
molecules are expected to randomly disperse within
the PS matrix (see Fig. 1b). Chain entanglement
between the added PS arms and PS matrix should
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Fig. 1: (a) Chemical structures of TA-PS19, TA-PS110, and
(b) the illustration of TA-PS molecules in PS film coated on
SiOx/Si substrate. The arms of TA-PS interact with PS
chains (dashed lines)

Table 1: M,, M,/M,, and T4 of PS and three-arm PS

Polymer M, (g/mol) My /M, T4 (°C)
PS11K 11,000 1.05 93
PS33K 33,000 1.04 103
TA-PS19 18,900 (of each arm) 1.09 106
TA-PS110 109,800 (of each arm) 1.09 106

reduce the chain mobility, resulting in the increase of
film stability. We investigate different structural and
experimental parameters including the arm length of
TA-PS, molecular weight of PS, and film thickness.

Experimental

PS with narrow size distribution (PS11K and PS33K)
and two types of three-arm PS (TA-PS19 and TA-
PS110) were purchased from Polymer Source Inc.
(Canada). Table 1 lists M,, My/M,, and T, of all
polymers used in this study. The M, and M,/M, were
provided by the supplier, while the 7, was measured by
differential scanning calorimetry (DSC) technique."

Solutions of mixed PS and TA-PS were prepared in
toluene (AR grade). The concentrations of TA-PS
were 0, 2, 5, 10, 20, and 40 wt%. These solutions were
clear and stable, indicating the miscibility of the two
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Table 2: Contact angles of water and diiodomethane on different surfaces and their solid surface tension compo-
nents calculated using a simultaneous equation of the Owens-Wendt-Kaelble approach®”

Type of surfaces Owater & £

Odiiodomethane Vs Vs Vs
(mJ/m?) (mJ/m?) (mJ/m?)
Silicon 46 + 1 39 +1 39.6 +£ 0.6 20.6 +£ 0.3 60.2 +£ 0.9
Polystyrene 94 £+ 2 21 + 2 46.8 + 0.5 0.1 £ 0.1 46.9 £+ 0.6
TA-PS19 92 + 2 23 + 2 46.0 + 0.7 0.2 + 0.1 46.2 + 0.8
TA-PS110 91 + 2 24 £ 2 45.7 £ 0.6 0.3+0.2 46.0 +£ 0.8

TA-PS19 concentration (wt%)
0 2 5 10

50 um

Annealing time (h)

120

Fig. 2: Optical micrographs of 23-nm-thick PS11K films containing different concentrations of TA-PS19 annealed at 120°C
for 12, 36, 60, and 120 h. Size of each image is 100 pm x 100 pm

components at room temperature. Viscosity of the Inc.) with a small sample size adapter. Addition of
solutions was measured using a Brookfield RVDV-E  TA-PS at 0-40 wt% did not affect the viscosity of
viscometer (Brookfield Engineering Laboratories, solutions. The solutions remained clear with
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Fig. 3: (a) Dewetting area vs annealing time of 23-nm-thick
PS11K films annealed at 120°C. Concentrations of TA-PS19
are (@) 0 wt%, (O) 2 wt%, (H) 5 wit%, (O0) 10 wt%, (A)
20 wt%, (A) 40 wt%, and (¢) 100 wt%. (b) Dewetting area of
PS11K/TA-PS19 films vs ratio of TA-PS19

unchanged viscosity for 14 days under ambient condi-
tions (results not shown).

Silicon wafers (SiO,/Si) used as a substrate in these
experiments were cleaned by a well-known method. The
wafers were soaked in a 7:3 v/v solution of conc. H,SO,4
and 30% H,0O, at about 80°C for 1 h. The substrates were
rinsed with deionized water several times and dried by
pressurized nitrogen gas. Freshly cleaned substrates were
used for the preparation of polymeric thin films. Since all
substrates were cleaned by using the same conditions,
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chemical compositions on the substrate surface were
expected to be the same. Thin films of PS on SiO,/Si were
prepared by spin casting from 0.1 and 0.3 wt% solutions,
yielding thicknesses of about 7 and 23 nm, respectively.
The spinning rate was kept constant at 1000 rpm for 10 s.
Three samples were prepared for each condition. The film
thickness was measured by ellipsometry (Gaertner Sci-
entific Corporation). We also measured the depth of
holes detected in those films by using atomic force
microscopy (AFM). The results are consistent with their
thicknesses. Since the viscosities of solutions with various
TA-PS concentrations were similar, the resulting films
exhibited comparable thickness. Surface energies of PS,
three-arm PS, and SiO,/Si were measured following the
Owens—Wendt—Kaelble approach, described in our pre-
vious reports.'>*%3’ Water and diiodomethane were used
assolvents. Static contact angles of the solvent droplets on
each surface were measured by using a goniometer
(CAM-PLUS Tantec, U.S. Patent, USA). The amount
of the solvents in the droplets was controlled to be the
same by using a syringe. Averaged values of contact
angles obtained from at least 5 measurements were used
in the calculation of surface energies. The obtained results
are listed in Table 2.

The dewetting of PS thin films was induced by
annealing the samples in a vacuum oven at 115, 120,
and 165°C depending on their thicknesses. The
annealed films were periodically quenched to room
temperature by placing on a metal surface. Global
structure of the films at different annealing time was
investigated using optical microscopy (OM, Olympus
PX 60 M equipped with digital camera Olympus model
DP12). OM images were recorded under reflectance
mode with the magnification of x100, x200, x500, and
x1000. Holes appeared as the lighter area compared to
the coated polymer film. The dewetted areas (holes)
were verified by using AFM. The evolution of local
structure upon the annealing was followed by AFM
(SPI3800N Nanoscope II, Seiko Instrument Inc.,
Japan) operating in a dynamic contact mode. The
spring constant of the cantilever was about 20 N/m.
The AFM measurements were performed under ambi-
ent conditions. Scan sizes were varied from about
20 x 20 to 1 x 1 ym? The dewetting areas were
measured by using commercial graphical analysis
software. We set the cut-off value for the brightness
of domains within the optical image. This cut-off value
is set to equal that of the coated area. The areas with
brightness higher than this cut-off value correspond to
the dewetted areas. Therefore, the software can calcu-
late the dewetted area with respect to the total area.

Results and discussion
Effects of TA-PS additive on film stability

In the first section, we investigate the ability of TA-PS
as a dewetting inhibitor of PS film. PS11K and TA-
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Fig. 4: Optical micrographs of 23-nm-thick PS33K films containing different concentrations of (a) TA-PS19 and (b) TA-
PS110 annealed at 165°C for 30 and 60 min. Size of each image is 100 pm x 100 pm

PS19 are used as a polymer matrix and an additive,
respectively. Since the entanglements of PS chains
occur at molecular weight above 18 K,>®* the PS11K
film behaves as a simple liquid in the melt state.
Molecular weight of PS arm (19 K) is just above the
threshold value required for the chain entanglement.
This allows us to observe the clear effects of TA-PS19
on the film stability. The concentrations of TA-PS19 in
23-nm-thick PS11K films are increased from 0 to
40 wt%. All films are annealed at the same time in

a vacuum oven to minimize experimental errors. The
annealing of pure PS11K thin films at 120°C, which is
above its glass transition temperature (Tg),11 for 12 h
induces the formation of small holes as shown in Fig. 2.
The observation of these holes corresponds to an early
stage of the film dewetting.” All of the blended PS11K/
TA-PS19 films, however, still completely spread over
the substrate at this condition. When the annealing
time is increased above 22 h, some small holes are
observed in the film containing 2 wt% of TA-PS19.
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Fig. 5: Dewetting area vs annealing time of 23-nm-thick
PS33K films annealed at 165°C. Concentrations of (a) TA-
PS19 and (b) TA-PS110 are (®) 0 wt%, (O) 2 wt%, (H) 5 wt%,
(C0) 10 wit%, (A) 20 wt%, (A) 40 wt%, and (e) 100 wt%

This result indicates that the dewetting process of this
blended film is much slower than that of the pure
PS11K film. The increase of TA-PS19 concentration to
5, 10, 20, and 40 wt% results in a systematic decrease
of the dewetting rate. The small holes start to form at
about 42 and 60 h in the blended films containing 5 and
10 wt% of TA-PS19, respectively. For the blended
films with TA-PS19 concentrations of 20 and 40 wt%,
the increase of annealing time to 120 h still does not
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Fig. 7: Dewetting area vs annealing time of 23-nm-thick
PS11K films annealed at 120°C. Concentrations of TA-PS19
and TA-PS110 are 2 and 5 wit%

induce the formation of any hole. Our results show that
the addition of TA-PS19 into PS11K thin films leads to
drastic increase of their stability.

The dewetting behaviors of all films are compared in
Fig. 3a, where the dewetting area is plotted as a
function of annealing time. The dewetting rates of each
system are described by the slopes of these plots. It is
obvious that the dewetting rate systematically
decreases upon increasing concentration of the TA-
PS19. The plots in Fig. 3b show systematic decrease of
the dewetting area with increasing TA-PS19 concen-
tration. At annealing time of 120 h, the dewetting area
is about 70%, 47%, 12%, 6%, and 0% for the PS films
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Fig. 8: Optical micrographs of 7-nm-thick PS33K films containing different concentrations of (a) TA-PS19 and (b) TA-PS110
annealed at 115°C for 120 and 300 min. Size of each image is 50 pm x 50 pm

containing 0, 2, 5, 10, and 20 wt% of TA-PS19,
respectively. These results indicate that the TA-PS19
molecule behaves as a dewetting inhibitor of PS11K
film. The surface energy of TA-PS19 is comparable to
that of PS as shown in Table 2. Therefore, the TA-
PS19 molecules are expected to randomly distribute
within the film where the PS arms of TA-PS19 entangle
with PS matrix. We suggest that the increase of chain
entanglement reduces the mobility of PS chains within
the film. The dewetting rate systematically decreases
with the increasing TA-PS19 concentration.

Effects of TA-PS arm length

This section investigates the influence of molecular
weight of TA-PS on its efficiency as a dewetting
inhibitor of PS film. Two types of TA-PS, TA-PS19 and
TA-PS110, with different PS arm lengths, are used as
additives for 23-nm-thick PS33K films. All the as-cast
films at room temperature are continuous and exhibit
a smooth surface. The PS33K film has a higher degree
of chain entanglement (i.e., hig%her viscosity) compared
to that of the PS11K film.”®** The dewetting rate of
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Fig. 9: AFM topography images of 7-nm-thick PS33K films containing different concentrations of TA-PS19 and TA-PS110
annealed at 115°C for 300 min. Sizes of the images are 10 pm x 10 pm

PS33K film is quite slow at 120°C. Therefore, the
annealing temperature is increased to 165°C. Repre-
sentative optical micrographs of PS33K films contain-
ing different concentrations of TA-PS19 and TA-
PS110 are shown in Fig. 4. At this annealing condition,
total dewetting of pure PS33K film is reached within
30 min where the continuous film breaks into polymer
droplets. The addition of TA-PS19 and TA-PS110 into
the PS33K film results in systematic decrease of the
dewetting rate, consistent with the system of PS11K
film. Figure 4 clearly shows that the dewetting area
decreases with the increasing TA-PS concentration.
Interestingly, the dewetting rate of blended PS33K/
TA-PS films also depends on the arm length of TA-PS.
The PS33K film containing 5 wt% of TA-PS19 reaches
the final stage of dewetting within 40 min while a large
fraction of the blended PS33K/TA-PS110 films remains
coated on the substrate. A similar trend is observed in
the PS33K films containing 10, 20, and 40 wt% of the
TA-PS. This observation indicates that the dewetting
rates of PS33K/TA-PS110 films are slower than those
of the PS33K/TA-PS19 system. Therefore, the increase
of TA-PS arm length promotes its efficiency as a
dewetting inhibitor of PS film.

The dewetting rates of blended PS33K/TA-PS19 and
PS33K/TA-PS110 films can be calculated from slopes
of the plots in Fig. 5. The obtained results are
summarized in Fig. 6. It is clear that the dewetting
rate systematically decreases upon increasing the TA-
PS concentration. The decrease of the dewetting rate
also depends significantly on the arm length of TA-PS.
The dewetting rate of pure PS33K is about 3.1%/min.
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It drops to 1.5 and 1.3%/min in the films containing 20
and 40 wt% of TA-PS19, respectively. It requires
a much lesser amount of TA-PS110 to suppress the
dewetting of PS33K films. The addition of only 2 wt%
TA-PS110 reduces the dewetting rate to 1.7%/min.
This comparison indicates that the dewetting-suppres-
sion efficiency of 2 wt% TA-PS110 is comparable to
that of the 20 wt% TA-PS19. The increase of TA-
PS110 concentration to 40 wt% causes the dewetting
rate to drop to 0.13%/min, which is about 10 times less
than that of the PS33K/TA-PS19 system. It is worth-
while to note that the pure TA-PS19 film still exhibits
the higher dewetting rate (0.19%/min).

The investigation of the PS11K system provides
similar results as shown in Fig. 7. Annealing the PS11K
film containing 2 wt% TA-PS19 at 120°C for 120 h
causes the increase of the dewetting area to about
45%. At the same experimental conditions, the dewet-
ting area of blended PS11K/TA-PS110 film is only
3.4%. Our results indicate that the efficiency of TA-PS
as a dewetting inhibitor can be promoted by increasing
its arm length. We believe that the longer PS arm
causes a higher degree of chain entanglement with PS
matrix, which in turn results in better film stability.

Effects of film thickness

The previous works by our group observed that the
effects of some foreign molecules on the film stability
depend on film thickness.'> The use of the same
additives may lead to opposite results, depending on
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Fig. 10: Dewetting area vs annealing time of 7-nm-thick
PS33K films annealed at 115°C. Concentrations of (a) TA-
PS19 and (b) TA-PS110 are (®) 0 wt%, (O) 2 wt%, (H) 5 wt%,
(O) 10 wt%, (A) 20 wt%, (A) 40 wt%, and (¢) 100 wt%

the strength of polymer—polymer interactions and
interfacial interactions with a solid substrate. Gener-
ally, the effect of interfacial interactions plays a signif-
icant role in the stability of ultrathin films."*’ The
degree of chain entanglement, on the other hand,
diminishes upon decreasing the film thickness.*’ In
relatively thick film, the effect of chain entanglement
and other types of interchain interactions becomes a

dominant factor. To further explore the efficiency of
TA-PS as a dewetting inhibitor, we investigate the
dewetting behaviors of PS33K films with a thickness of
~7 nm. The films contain different amounts of TA-PS19
and TA-PS110, ranging from 0 to 40 wt%. The AFM
measurements show that all the as-cast films are homo-
geneous and continuous. Annealing the pure PS33K film
at 115°Cfor 120 min causes the formation of many holes
as shown in Fig. 8. We observe that the dimension and
number of holes systematically decrease with the
increasing concentration of TA-PS19 and TA-PS110.
The further increase of annealing time to 300 min causes
total dewetting of pure PS33K film. The films containing
20 wt% of TA-PS19 and TA-PS110, however, partially
dewet the substrate at the same annealing conditions.
Our results show that the addition of TA-PS19 and TA-
PS110 can still improve the stability of the 7-nm-thick
PS33K films. AFM topography images in Fig. 9 confirm
that local structures of the films containing 10, 20, and
40 wt% of TA-PS are consistent with global structures
observed by optical microscopy. Moreover, probing
local structure by the AFM in phase mode does not
detect any phase separation in these systems. The
dewetting area systematically decreases with the
increasing TA-PS concentration. The holes detected in
all films show the same morphology. Since the hole
distributions in annealed films are random, the dewet-
ting process is likel_y to occur via heterogeneous nucle-
ation mechanism."

The dewetting area as a function of annealing time
of PS33K/TA-PS19 and TA-PS33K/PS110 films is
shown in Fig. 10. The pure PS33K film exhibits the
highest slope, indicating the highest dewetting rate
(0.53%/min). The dewetting area reaches 100% at
180 min of annealing time. The dewetting rate drops to
0.24 and 0.12%/min in the films containing 10 and
40 wt% of TA-PS19, respectively. The PS33K/TA-
PS110 system shows a larger drop of the dewetting
rate. The presence of 10 and 40 wt% TA-PS110 causes
the decrease of the dewetting rate to 0.21 and 0.07%/
min, respectively. Therefore, the TA-PS110 is a more
effective dewetting inhibitor consistent with the results
in the previous section. Our results in this section show
that the ability of TA-PS to suppress the dewetting of
PS film still persists upon decreasing the film thickness
to 7 nm.

Conclusions

We demonstrate that the star-shape polymers, TA-PS,
can be utilized for suppression of the dewetting
dynamics of PS ultrathin films. The addition of TA-
PS molecules into PS thin films with thicknesses of 23
and 7 nm results in a significant decrease of the
dewetting rate. We suggest that the TA-PS molecules
enhance the chain entanglement within PS film. The
arms of TA-PS entangle with the polymer matrix. The
increase of arm length promotes the dewetting-sup-
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pression efficiency of the TA-PS. Our results provide
fundamental knowledge and a new method for improv-
ing stability of ultrathin polymeric film.
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