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Abstract

We report a systematic study of improved wetting behavior for thin polymer
films containing nanoparticles, as a function of nanoparticle size and
concentration, the energy of the substrate and the dielectric properties of
the nanoparticles. An enthalpy matched system consisting of polystyrene
nanoparticles in linear polystyrene is used to show that nanoparticles are
uniformly distributed in the film after spin coating and drying. However,
on annealing the film above its bulk glass transition temperature these
nanoparticles segregate strongly to the solid substrate. We find that for a
wide range of film thicknesses and nanoparticle sizes, a substrate coverage of
nanoparticles of approximately a monolayer is required for dewetting inhibition.
Cadmium selenide quantum dots also inhibit dewetting of polystyrene thin
films, again when a monolayer is present. Moreover, TEM microscopy images
indicate that CdSe quantum dots segregate primarily to the air interface.
Theoretical interpretation of these phenomena suggests that gain of linear
chain configurational entropy promotes segregation of nanoparticles to the
solid substrate, as occurs for polystyrene nanoparticles; however, for CdSe
nanoparticles this is offset by surface energy or enthalpic terms which promote
segregation of the nanoparticles to the air interface.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Thin polymer films have numerous applications ranging from microelectronics and sensors to
adhesives and bio-medical devices. Yet polymer films made by spincoating or dipcoating are
frequently unstable and may dewet upon thermal annealing or solvent exposure due to adverse
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surface energies. The thickness of a polymer film plays a very important role in governing its
stability [1-5]. For example, a film whose thickness is of the order of a few micrometers may
be stable by gravitational forces whereas a thin film (~100 nm) of the same material is either
metastable or unstable on nonwettable substrates. As the film thickness approaches molecular
dimensions, intermolecular forces of course become more relevant [3].

Despite the importance of intermolecular forces the macroscopic equilibrium contact
angle, which is related to the surface energies in the system, is frequently used to assess the
stability of various film/substrate systems at all length scales. However, long range dispersion
forces due to induced dipole—induced dipole interactions contribute to the surface energy,
yielding an effective interface potential whose strength and magnitude depend on the film
thickness, particularly in the thin-film limit. The interface potential can be written as the sum of
long range and short range interactions acting across a thin film, yielding the effective surface
energies governing film stability [6—10]. However, particularly when nanoparticles are present,
entropic terms can also contribute significantly to wetting behavior, as demonstrated in the
present study.

The dynamics of thin-film dewetting, as occurs when films are unstable, has also been
intensely studied. It has been reported in the literature that thick films (>100 nm) may dewet
inorganic substrates by nucleation and hole growth [2, 4] whereas thin films (<100 nm) dewet
by spinodal decomposition [11, 12] and/or by film imperfection [13, 14]. Recently, Seemann
et al [8] reported the dewetting of thin polystyrene (PS) films on silicon oxide substrates and
classified them as being unstable due to heterogeneous nucleation or a spinodal process, or
both.

Because of its practical and intellectual importance, numerous methods to inhibit dewetting
of polymer thin films have been reported in the literature [15-20]. Most of these are based on
two approaches: (a) surface treatment of the substrate thereby changing the polymer—surface
thermodynamic interaction and/or (b) modifying the polymer. For example, Henn et al [20]
reported the use of end functional groups with more affinity for the polar substrate as a means
of inhibiting the dewetting of thin polystyrene films. A similar study involving modification
of the homopolymer by introduction of ionic functionalities was reported by Karim et al [18].
Another approach by Yerushalmi and co-workers [19] discussed stabilization of low molecular
weight polystyrene thin films by formation of an entangled network between the free chains and
long surface-tethered chains. In another study by the same authors, film stability of a polymer
melt on a cross-linked network of itself was investigated. It was observed that the melt wets at
both low and high cross-link densities but dewets at intermediate densities (autophobicity) [19].
All these approaches have their own advantages and disadvantages depending on the desired
application. One disadvantage is that polymer modification to control the wetting behavior of a
polymer film leads to a change in the film properties which might be undesirable, for example,
in sensor applications [21, 22].

Though at first it appears contrary to the conventional observation of enhanced dewetting
in the presence of impurities and other film heterogeneities [13], Barnes et al [23] discovered
that fullerene nanoparticles inhibit dewetting of thin polymer films on native oxide coated
silicon substrates. A similar study by Sharma et al [24], reported the improved wetting of thin
polystyrene films in the presence of carbon black and colloidal silica particles and, similarly,
Mackay et al [25] showed that poly(benzyl ether) dendrimers [26] inhibit dewetting of thin
polystyrene films.

In an earlier study [27] we demonstrated the stabilizing effect of polystyrene
nanoparticles [28] on thin polystyrene films, highlighting the effect of molecular architecture
on this process. From neutron reflectivity measurements we showed that the nanoparticles
were uniformly distributed in the thin film (of thickness about 40 nm) prior to annealing, yet
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Table 1. The weight average molecular weight (My,), polydispersity index (PDI), polymer radius
of gyration (Ryg) or nanoparticle radius (a) of the materials used in the present study.

Material M, (kDa) PDI Rg or a (nm)
Polymers

PS 5 kDa 5.1 1.07 2.0
PS 19 kDa 19.3 1.07 3.8
PS 75 kDa 75.7 1.17 7.6
PS 211 kDa (20%)* 193.0 128 121
dPS 63 kD 63.5 1.10 6.9
Nanoparticles

NP 41 kDa 41.0 1.04 2.5
NP 78 kDa 78.0 1.14 3.1
NP 211 kDa 211 1.32 43
NP 1.5 MD 1500 1.40 9.0
CdSe quantum dot 343 1.01 2.4¢

4 Polymer contains 20 mol% units that can be cross-linked via thermal activation.
b Polymer is wholly deuterated.
¢ This is the core radius and is surrounded by a steric layer of oleic acid of thickness 2.5 nm.

after annealing above the glass transition temperature they were found to separate to the solid
substrate, a silanized silicon wafer. Dewetting was eliminated when the nanoparticles formed
a segregated monolayer or above, while below this surface coverage the dewetting dynamics
were significantly reduced.

In this paper we explore the effect of polystyrene nanoparticles of different molecular
weights (sizes) on the stability of thin polystyrene films of various thicknesses. This extends
our previous work [27], where we considered only one nanoparticle size, to a broad range
of nanoparticle sizes and we find that larger nanoparticles are more effective at inhibiting
dewetting. Moreover, we show that even though CdSe quantum dots segregate primarily to the
air interface, they also strongly inhibit dewetting. We argue that segregation of these quantum
dots to the film surface is due to the low surface energy of the oleic acid brush on the surface
of the organically functionalized CdSe quantum dots. Furthermore, we present results on a
variety of substrates indicating that a segregated monolayer or more of nanoparticles, either at
the substrate or at the air interface, significantly improves the wetting behavior of thin polymer
films.

2. Experiment

Linear polymer standards were obtained from Scientific Polymers and are listed in table 1.
The solvents, benzene and toluene, were procured from Sigma-Aldrich Co. The synthesis
and characterization of polystyrene nanoparticles and cadmium selenide quantum dots used
in this study are reported elsewhere [28-30] and their molecular weights along with their
polydispersities are listed in table 1. We do note that the polystyrene nanoparticles and linear
precursor polymer that could be cross-linked (PS 211 kDa (20%)) both contained 20 mol%
benzylcyclobutane (BCB) with the balance styrene. The BCB could be cross-linked by thermal
activation (typically 220-250°C) and the nanoparticles were prepared by dripping a solution
into hot benzyl ether (250 °C) to create single molecule nanoparticles with the possibility of
20 mol% of the monomer units being cross-linked. The quantum dots were prepared exactly
as denoted in [29] and were sterically stabilized with an oleic acid layer whose hydrodynamic
size was determined by dynamic light scattering (DLS) in toluene (Protein Solutions DLS) and
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listed as the steric layer thickness in table 1. The core size was determined by transmission
electron microscopy (TEM).

All the polystyrene nanoparticles and polymer standards were checked for any impurities
using x-ray photoelectron spectroscopy (XPS) and any contamination was removed by
appropriate treatment with hydrofluoric acid [27]. Nanoparticle blend solutions were made
by mixing appropriate volumes of stock solutions to obtain solutions containing 1-20 wt%
of nanoparticles with respect to the polymer, at an overall concentration ranging from 4-—
12 mg ml~'. All the solutions were filtered using a 0.2 um filter before spincoating.

The silicon wafer substrates were used as-received from Wafer World Inc.  For
both dewetting and neutron reflectivity experiments, the wafers were silanized using
Sigmacote®((SiC12C4H9)20) (Sigma-Aldrich Co.). In some dewetting experiments,
octadecyltrichlorosilane (OTS) (C;3sH37Cl3Si) (Sigma-Aldrich Co.) was used as the silanizing
agent. The silanization was performed by cleaning the wafers in a Piranha bath (70% H,SO4
and 30% H,0,) for 30 min. The cleaned wafers were then rinsed with copious amounts of
Millipore water followed by drying with N, and immersion in a 2% silanizing solution in
heptane for 2 h. The silanized wafers were rinsed with chloroform and methanol to remove any
unreacted silanizing agents [31]. This treatment of silicon wafers resulted in substrates with
uniform surface energy. The rms roughnesses of the Sigmacote silanized silicon wafers was
below 1 nm as checked with atomic force microscopy (AFM; Pacific Nantechnology NanoR
AFM). For some neutron reflectivity experiments, the wafers were used as-received and without
any silanization.

Thin films were spun cast, at 5000 rpm for 40 s, from a benzene or a toluene solution
onto freshly cleaved mica sheets (Asheville-Schoonmaker Mica Co.). Depending on the
concentration of the solution, under these conditions the films produced were approximately
25-80 nm thick as checked with ellipsometry (J A Wollam ellipsometer). The refractive index
of the polymer and nanoparticle films as a function of film thickness was also measured using
the same ellipsometer. For both the dewetting and neutron reflection experiments, the films
were floated onto a clean, deionized water surface and then picked up by the substrate. All
the films were dried at 40°C under vacuum for at least 12 h to ensure complete removal
of the entrapped solvent and other potential contaminants. The size of the wafers used for
neutron reflectivity experiments was 2 inch in diameter whereas those used for the dewetting
experiments were around 1 cm x 1 cm.

All the films were annealed in either air or under a vacuum and the film morphologies
after annealing were captured using optical microscopy in the reflection mode. The real-
time measurements of the samples were performed by heating them in air under a standard
bright field light microscope. The neutron reflection measurements of reflectivity (R) were
performed at the POSY?2 neutron reflectometer (resolution in Q-space, AQ/Q ~ 0.05, Q is
the wavevector, Q = 4 sin(® /2) /X, © is the scattering angle and X is the neutron wavelength)
at Argonne National Laboratory on polymer blend films that were previously annealed at 160—
170°C for times ranging from 2-24 h. The reduced neutron reflectivity data were analyzed
using Paratt 32 reflectivity software from HMI Berlin.

TEM samples were prepared by transferring the polymer film onto an epoxy resin
(Polybed-812, Polysciences, Warrington, PA, USA) which was then cured at 60 °C for 24 h.
The samples were then ultramicrotomed (Power Tome XL, RMC, Tucson, AZ, USA) and
imaged using a JEOL 100CX transmission electron microscope.

3. Film stability induced by nanoparticles

Neutron reflectivity measurements have been used to show that the polystyrene nanoparticles
are uniformly distributed in the film before annealing, yet after annealing they are found to

4



J. Phys.: Condens. Matter 19 (2007) 356003 R S Krishnan er al

Table 2. Values of the fractional coverage (0) based on the nanoparticle concentration, ¢, by
assuming perfect segregation (using equation (1), and those determined from neutron reflectivity
data (fspp) using the scattering length density (SLD) and the subsequent nanoparticle volume
fraction calculated (¢spp) for the layer next to the substrate (using equation (2)), for blends of
nanoparticles NP 78 kDa with dPS 63 kDa.

Nanoparticle wt% (film thickness),

figure number SLD (10° x A%  ¢sip Osip 6

5 (45 nm), figure 2(a) 5.66 0.15 0.23 0.36
10 (45 nm), figure 2(a) 4.21 0.44 0.66 0.73
20 (45 nm), figure 2(a) 1.41 1.00 1.50 1.45
10 (27 nm), figure 2(b) 5.16 0.25 0.38 0.44
10 (39 nm), figure 2(b) 4.72 0.34 0.51 0.63
10 (77 nm), figure 2(b) 1.88 091 1.37 1.24

separate to the solid substrate and to retard the dewetting kinetics of the linear polymer [27].
A crude estimate of the fractional aerial coverage (6) of the nanoparticles at the substrate, based
on a simple mass balance, is given by

0 = (h/2a) x ¢ (1)

where £ is the film thickness, a the nanoparticle radius and ¢ the bulk nanoparticle volume
fraction. 6 & 1 corresponds to a dense packed monolayer of nanoparticles at the substrate.
It was shown in previous work [27], and is further demonstrated here, that dewetting is
severely retarded for nanoparticle volume fractions corresponding to a segregated nanoparticle
monolayer or more. Below we extract 6 from analysis of neutron reflectivity data and we
correlate the value of 6 with the degree to which dewetting is inhibited.

It is evident from equation (1) that if the nanoparticles segregate to the substrate, then
6 can be controlled by either varying the thickness of the film or the bulk nanoparticle
volume fraction. This control is illustrated by analysis of neutron reflection measurements
from thin polymer films (thickness 27—77 nm) containing 5-20 wt% protonated nanoparticles
(weight average molecular weight = M,, = 78 kDa) with deuterated linear polystyrene (dPS,
M,, = 63 kDa). Neutron reflectivity profiles for nanoparticle blend films containing 5-20 wt%
nanoparticles and thickness approximately 45 nm are given in figure 1(a), where the profiles
are offset by a factor of 10 for clarity. All the films in this figure were annealed in air for 24 h
at a temperature of 160 °C, except the 5% blend for which annealing was restricted to 2 h to
limit dewetting. The reflectivity profiles in figure 1(b) correspond to nanoparticle blend films
with one concentration, approximately 10 wt%, of nanoparticles; however, the film thickness
was varied from 27 to 77 nm. These films were annealed in air for 6 h at 160 °C.

Fits to the neutron reflectivity data of figures 1(a) and (b) were based on a two-layer model,
where the top layer is composed of pure (deuterated) linear polymer (dPS 63 kDa) and the
bottom layer consists of both the linear polymer and nanoparticles. For example, for the 39 nm
thick film of a 10 wt% blend shown in figure 1(b), one finds the scattering length density (SLD)
of the layer next to the substrate to be 4.72 x 107° A™? whereas the top layer has an SLD of
6.42x 1076 A~ (see table 2). In fitting this reflectivity profile, the pure polymer—nanoparticle-
rich layer interface roughness was found to be 4 nm and the nanoparticle layer thickness was
6.2 nm. Of course, the roughness relative to the layer thickness is large and so may not have
physical significance. The resolution of the Q-vector (A Q/Q) for the instrument was also
employed as a fitting parameter and was found to be approximately 0.03, a reasonable value.

A test of alternative models is presented in figure 1(c) for the case of the 39 nm thick
film containing 10 wt% nanoparticles, where a plot of RQ* versus Q for the data and various
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Figure 1. Reflectivity versus wavevector for nanoparticle blends of deuterated linear polystyrene,
dPS 63 kDa, and polystyrene nanoparticles (NP, 78 kDa). The films were annealed in air at
160°C. The data in (a) and (b) are offset by a factor of 10 for clarity. (a) Data for nanoparticle
concentrations 5, 10 and 20 wt% at fixed film thickness, approximately 45 nm. The 10 and 20 wt%
films were annealed for 24 h, while the 5 wt% film was annealed for 2 h. (b) Data for fixed
nanoparticle concentration, 10 wt%, for film thicknesses 27, 39 and 77 nm, after annealing for
6 h. (c) Reflectivity multiplied by reflectance wavevector to the fourth power (R Q*) versus Q
using the 39 nm thick film data of figure 2(b), and a comparison of fits to three different models
placing the nanoparticles at the substrate or air interface or homogeneously distributed throughout
the film (see text for details).

modeling results are presented. This type of plot is useful when considering sharp interfaces
and R should decay as Q~* when they are present. Three models are compared to the data
in this figure, firstly a model where complete phase segregation to the substrate occurs as
discussed above, secondly, a case of homogeneous distribution of nanoparticles in the film
and thirdly, a case where the nanoparticles segregate to the air interface. Clearly, the latter
model does not predict the observed reflectivity profile. The case of homogeneous distribution
shows little difference from the observed reflectivity at low Q but does not represent the data
at high Q. Only the case of nanoparticles separating to the hard substrate gives a satisfactory
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agreement with the observed reflectivity at both low and high values of the wavevector. In all

cases in figure 1, a critical wavevector (Q.) which is approximately 0.017£0.001 Ail; denotes
the wavevector where the reflectivity falls rapidly from 1. If the nanoparticles migrated to the
air interface the critical wavevector would have moved to lower values, since the nanoparticles
have a lower SLD than the bulk polymer, which is not the case here.

From the SLD of the bottom layer, the volume fraction of the nanoparticles can be
estimated as described below. In our previous studies [32, 33], we have shown that the
nanoparticles collapse to a volume given by their molecular weight and the density of bulk
polystyrene, making the nanoparticle volume and weight fraction equivalent. In the case of
the 39 nm thick film in figure 1(c), the nanoparticle layer thickness next to the substrate is
approximately given by its diameter (~6.2 nm). By knowing the polymer and nanoparticle

SLD, 642 x 1076 A2 and 1.41 x 106 A%, respectively, one is able to determine the
nanoparticle volume fraction (¢syp) in the layer which for the above example is 0.34.

Now one can relate this volume fraction to the fractional arial coverage, s p, by assuming
a regular array of nanoparticles at the substrate. Assuming a hexagonal array of spherical
nanoparticles of radius a, where A is the half-gap between the particles for sub-monolayer
coverages, we have ¢g p = (7/3+/3)(a%/(A + a)?). The aerial coverage is the projected area,
so that s p = (77/2+/3)(a%/(A + a)?), and

OsLp/$sLp = 3/2. 2

Note that the assumed packing geometry does not change the aerial coverage estimate which
appears valid for any packing. Comparison of the experimental results for 6s;p with those
expected from perfect segregation (table 2) shows good agreement. Error estimates of these
values are difficult to quantify and are primarily due to uncertainties in the parameters extracted
from fitting the neutron reflectivity data.

The effect of varying the fractional surface coverage on the dewetting behavior of thin films
on a Sigmacote surface is illustrated in figure 2. It is observed that at fractional coverages 6 less
than a monolayer dewetting occurs; however, at coverages greater than a monolayer dewetting
is eliminated in agreement with our previous study with a different nanoparticle size [27].
The effect of substrate surface energy on dewetting behavior is considered by a comparison of
dewetting behavior of linear polystyrene on a Sigmacote surface, which has a surface energy
28.5 + 4.9 mJ m~2 at room temperature, as compared to a OTS surface, which has a lower
surface energy (24 mJ m~2), in figure 3. The films in this figure were spuncast on a mica
surface, floated onto a silanized (Sigmacote or OTS) silicon substrate and then annealed in air.
In the case of OTS, the alkane chain is 18 carbon atoms long (~4 nm thick layer) while the
alkane chains of a Sigmacote surface contain only four carbon atoms (~1 nm thick layer) [31].

More rapid dewetting occurs for OTS substrates (compare figures 3(a) and (e)); we
quantify this in figure 4 before returning to discussion of figure 3, where we present the rate
of hole growth for linear polystyrene films (about 45 nm thick) at 160 °C as a function of
polystyrene molecular weight and substrate surface energy. In all cases the hole radius grows
with time as R ~ %3, implying slip [34-36], to show dewetting occurs on the timescale
of minutes. The dewetting velocity for polymers is inversely related to their viscosity which
increases with molecular weight, as can be seen in the data for PS on Sigmacote. The rate of
hole growth for PS 75 kDa on an OTS functionalized substrate is significantly faster than on
a Sigmacote substrate, due to the lower surface energy of the OTS substrate [35]. Thus, as
expected, a lower surface energy substrate leads to more rapid dewetting of thin polymer films.

The optical microscopy images of figure 3 illustrate the combined effects of substrate
surface energy and nanoparticle size on dewetting behavior for linear polystyrene/polystyrene
nanoparticle films with a constant thickness of ~50 nm. As discussed above, pure polymer

7



J. Phys.: Condens. Matter 19 (2007) 356003 R S Krishnan et al

Figure 2. Optical micrographs of blends of linear polymer (PS 75 kDa) with PS nanoparticles
(NP 78 kDa) after annealing the films for 24 h in vacuum at 160°C on a silanized Sigmacote®
substrate. In (a)—(c) the nanoparticle fractional areal coverage (6) is varied by changing the bulk
nanoparticle concentration (¢) at a constant thickness of 56 nm; the volume fractions are 0.01 (a),
0.05 (b) and 0.15 (c). In (d)—(f) € is varied by changing the overall film thickness at a fixed
nanoparticle concentration of 10 wt%. The film thicknesses are: 23 nm (d), 45 nm (e) and 76 nm (f).
In both cases a fractional coverage of a monolayer is needed to severely retard the dewetting of the
linear polymer as shown by the film stability in (c) and (f). The length of the scale bar is 200 pm.

films dewet at times of the order of a few minutes while polymer films containing nanoparticles
exhibit significantly increased stability, as demonstrated in figure 3. The nanoparticle surface
coverage is just above a monolayer in all cases and the films were annealed at 170 °C under a
vacuum. For the smallest nanoparticle, dewetting occurs on both Sigmacote and OTS substrates
(figures 4(a), (e), (i)). Nanoparticles of size 6.2 nm (figures 4(b), (f), (j)) are stable after 1 day
on Sigmacote, but begin to dewet in 1 day and completely dewet from OTS substrates after
5 days (figures 4(f) and (j)). The larger nanoparticles yield films that are stable after 5 days on
OTS substrates (figures 4(k) and (1)) and are most likely similarly stable on Sigmacote surface
after 5 days because of its higher surface energy. Moreover, we noticed that for each of the
nanoparticle blend films in figure 3, increasing the nanoparticle concentration further above a
monolayer imparts more stability to the film against dewetting. These data support and extend
the results of [27] where 5.0 nm diameter nanoparticle (M, = 41 kDa) blend films were stable
on the Sigmacote substrate at concentrations above a monolayer.

4. Theoretical rationalization

In polystyrene nanoparticle/linear polystyrene systems, segregation of the nanoparticles to the
substrate is driven by an entropy gain for the entire system [37], a mechanism similar to that
arising when low molecular weight polymers are mixed with high molecular weight polymers
of the same composition [38]. A simple argument can be made [37] to justify this segregation
by noting that the monomer units in a linear polymer will gain akgT[a /o] of entropy when
they move from the solid substrate and push a nanoparticle down. Here « is the number of
degrees of freedom gained by a given monomer unit, kg is the Boltzmann constant, 7 is
temperature and o is the size of a monomer unit. The nanoparticle itself will lose ~kgT
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Figure 3. Optical micrographs of blends of linear polymer (PS 75 kDa) with polystyrene
nanoparticles of four different molecular weights: 41 kDa (diameter 25.0 nm), 78 kDa (6.2 nm),
211 kDa (8.6 nm) and 1.5 MDa (diameter 18.0 nm). A scaled representation of each nanoparticle
is given in the bottom row of photographs with each column representing a film containing these
nanoparticles at the volume fraction (¢) given in the top row. These conditions result in a monolayer
or above of nanoparticles at the solid substrate (9 & 1) as shown in the top figures. All the films have
an approximately constant thickness of 50 7.2 nm. The top row ((a)—(d)) is the result of annealing
the films at 170°C under vacuum for 1 day where the substrate was a silicon wafer coated with
Sigmacote. The middle row ((e)—(h)) is the result under the same annealing conditions except the
substrate was an OTS coated wafer. The bottom row ((i)—(1)) shows the same samples with an OTS
coated wafer except they have been aged for a longer time of 5 days. The x in the upper left-hand
corner highlights the fact that this system has partially or fully dewetted. The length of the scale bar
is 200 pm.

worth of translational entropy while segregation from the blend costs e[a/o’]* of mixing free
energy [30] to account for monomer interactions with the nanoparticle surface, ¢ is of order
0.1-1kg T for dispersion forces. A simple balance between these thermodynamic components
shows that a[a/c]® > 1 + [¢/kgT] [a/o]* for segregation, requiring that a monomer unit
in a linear chain near the substrate must gain 0.01-0.1 degrees of freedom due to constraint
release when nanoparticle segregation occurs. It is expected, however, that « is of the order of
1, demonstrating that an entropy based mechanism is certainly capable of driving segregation,
as is consistent with nanoparticle segregation observed in self-consistent field calculations of
nanoparticle segregation in blends [39] and also with density functional calculations we are
currently performing in our group.

The wetting stability of thin polymer films depends on long range van der Waals forces
acting across the film [40], as discussed above. Though complete assessment of these forces is
based on sophisticated electromagnetic theories [3, 41], a pairwise additive theory introduced
by Hamaker explains why polystyrene dewets from silanized silicon wafers [8, 40]. Multilayer
geometries are discussed thoroughly in the recent book by Parsegian [41] and in work on
lubrication of magnetic read heads [42]. So we consider a segregated layer of polystyrene
nanoparticles to act as a buffer layer attenuating the destabilizing effect of van der Waals forces
of the silanized silicon wafers used in our studies. Since, in this system, the nanoparticles are
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Figure 4. Hole radius versus time during annealing in air at 160 °C for pure linear PS 75 kDa, PS
19 kDa and PS 5 kDa along with power law fits on two different silanized substrates. In all cases
the dewetting rate follows a power law of 2/3 implying slip. Use of OTS compared to Sigmacote as
the silanizing agent increases the rate of dewetting for the pure PS 75 kDa films. The film thickness
in all cases is approximately 45 nm.

chemically similar to the bulk linear polymer, it is apparent that molecular architecture plays an
important role in retarding dewetting and is promoted by the self-assembly process described
above [37].

We checked that the polystyrene nanoparticles used in this study do in fact have a
similar refractive index, and hence similar dielectric or van der Waals forces, to that of
linear polystyrene. Due to their nanoparticle morphology [32, 43], cross-linking within the
nanoparticle or perhaps interface effects [44] this quantity may have been quite different. The
measured refractive index of both linear polystyrene and nanoparticle films as a function of film
thickness is shown in figure 5 and it is found that they have almost the same refractive index
for all film thicknesses, though deviations from bulk behavior in both cases develop at film
thicknesses less than about 20 nm. Our studies of wetting phenomena are in the regime greater
than 20 nm where these deviations are not significant, and so the reduced refractive index is not
considered significant to our study. We admit the segregated nanoparticle layer is of the order
5-10 nm thick; however, it is expected that the polymer layer above it acts as a super-layer to
minimize this effect as we have proved through ellipsometry of aged films.

Analysis of the effect of nanoparticle segregation on dewetting inhibition combines the
analysis of van der Waals forces and the stabilizing effects of nanoparticles. In the case of
polystyrene nanoparticles in polystyrene melts, we consider a six-layer system consisting of
Si/Si0,/Brush (Sigmacote or OTS)/NP/PS/air. However the NP and PS have essentially the
same dielectric behaviors, as discussed above, and from the viewpoint of van der Waals forces
can be treated as a single layer. Using a five-layer van der Waals theory within the non-retarded
approximation, which is believed to be reasonable for films less than 100 nm thick (though
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Figure 5. Refractive index at 583 nm as a function of film thickness for linear polystyrene, PS
75 kDa (2Rg ~ 15 nm) and polystyrene nanoparticles: NP 41 kDa (2a ~ 5 nm), NP 78 kDa (2a ~
6.2 nm) and NP 211 kDa (2a &~ 8.6 nm).

see [10]), the PS/air interface potential (V) has the general form

Ay A As

= T2 (dsin + o + 17 120 o + 1) 1277
where dsio, is the oxide thickness, dpwen is the thickness of the alkane brush (i.e. OTS or
Sigmacote) and 7 = dnp + dps is the sum of the nanoparticle layer thickness (dnp) and the
thickness of the thin linear polymer film (dps). The Hamaker constants, A;, A,, Az, may
be determined in several ways, as discussed below, and Vgr(h) is the repulsive potential. In
the absence of nanoparticles, the repulsive potential is empirically determined and is usually
taken to be of the form c/h® [8, 40] with ¢ assumed equal to 0.05 zJ nm® (zJ = zeptoJoule).
However, in the presence of nanoparticles, it is energetically unfavorable to break up the
segregated nanoparticle layer, leading to a repulsive potential with a length scale proportional
to the segregated nanoparticle layer thickness, and so we assume that a repulsive potential of
the form

Va + W) ()

Vi(h) = vExp[—a:h/dxp] + ¢/ h® )

is appropriate. In this expression v, determines the strength of the repulsion due to nanoparticle
segregation while dnp/a; is the length scale over which this repulsion is significant. The
disassembly energy, v;, is the energy per unit area required to break up the segregated
nanoparticle layer and is taken as ok T'dnp/ 7r?L;, where r is the monomer size and Ly, is the
Kuhn segment size (1.59 nm [45]). This expression is a product of the entropy gain per released
monomer akg T, discussed earlier, and an estimate of the number of monomers released per unit
area which increases with the nanoparticle layer thicknesses for small enough values of dnp.
The nanoparticle thickness over which constraint release is possible is uncertain, but we expect
it to be no larger than the radius of gyration of the linear polymer chains in the melt and it may
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Figure 6. Interface potential as a function of film thickness for various systems using equations (3)
and (4) and parameters discussed in the text. When only the native oxide is present on the silicon
wafer (no brush, no nanoparticles) the system is metastable while silanizing the surface (brush, no
nanoparticles) makes the system unstable and it will dewet to an equilibrium sub-nanometer thick
film. A monolayer of nanoparticles, of diameter 5.0, 6.2 or 8.9 nm, can create a metastable layer
that is more and more ‘stable’ as the nanoparticle size is increased (brush, nanoparticles (5.0 nm),
etc). Increasing the o parameter from 0.02 to 0.1 for the 8.9 nm diameter nanoparticles produces a
fully stable film (curve labeled o = 0.1).

be as small as the coherence length of the polymer melt. Density functional theory calculations
may resolve this issue and also provide an improved estimate of v, [48].

Estimates of the Hamaker constant values are possible by noting that in the limit dpgn = O,
the expression (3) must reduce to that used by Seeman et al [8, 40] in their studies of dewetting
of polystyrene from oxidized Si substrates. They found estimates of the Hamaker constants for
the trilayers Si/PS/air (As; = —130 zJ), and SiO,/PS/air (Asio = 22 zJ), and used them to find
estimates of the Hamaker constants for the four-layer system Si/SiO,/PS/air. For small brush
thickness, we reproduce those values through the relations A; = Asijo— Asi, A2 = Aprush— Asio
and A3 = Apnsn- Lifshitz theory [3] implies that the dependence of trilayer Hamaker constants
is quadratic in the refractive index differences, having the form N[n% — n%] X [n% — n%] for
medium 3 between 1 and 2. Noting that the refractive indices of polystyrene, SiO and the
brush are, respectively, 1.59, 1.5 and 1.4, the value of Apgn 1S approximately twice as large in
magnitude as Asjo. This yields the estimates A; ~ 150 zJ, A, ~ 22 zJ and A3 ~ 44 zJ which
are rough estimates for a variety of reasons, including deviations from ideal planar geometries
and neglect of the non-ideal nature of interfaces. Moreover, theoretical calculations also differ
significantly from the experimentally determined values [8, 40], particularly for the case of
Si0,.

Nevertheless, the expressions (3) and (4) provide a clear picture of the destabilization
induced by the brush layer and the stabilizing effect of a segregated nanoparticle layer on
polystyrene film wetting, as illustrated in figure 6. The oxide layer thickness (dsio) in this
example is 2 nm which leads to destabilization of polystyrene thin films [8, 40]. We have
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found in our experiments that a metastable state is present, since at times the film will dewet
on this substrate, though in other samples it can remain stable in agreement with the theoretical
calculation. The addition of a brush (dpwsn = 2 nm) leads to stronger destabilization as
evidenced by the bottom trace in figure 6, the addition of nanoparticles stabilizes the films,
even in the presence of a brush (see the top trace in figure 6). The dispersion force parameters
used in these figures are consistent with those used by Seeman et al, as is the value of ¢ that
characterizes the strength of the ¢/ h® repulsive term in equation (4).

Two parameters characterize the new exponential repulsive term in equation (4) and are
important to the stability of thin polystyrene films. The length scale over which the segregated
nanoparticle layer is effective is taken to be equal to the thickness of the nanoparticle layer,
as used in figure 6, where we assume a, = 1. If the nanoparticle layer is diffuse or the
nanoparticles are not fully segregated this parameter may be either increased or decreased.
Though this length scale certainly affects the theory, the most important parameter is the
disassembly energy, v,. If this energy is small, the nanoparticle layer has no effect on the
stability of thin films, while if it is large the films are very strongly stabilized. The disassembly
energy used in figure 6 is of the order 1 zJ nm~2 which is assumed relatively small by taking
a = 0.02, in the range of energies discussed above, and can be related to the entropy gain on
nanoparticle segregation. From this, one can also argue that the larger nanoparticles (8.9 nm)
yield larger activation barriers, as illustrated in figure 6. Finally, increasing « to 0.1 or that a
monomer unit next to the wall gains 0.1 degrees of freedom by pushing the nanoparticle down
yields a film that is very stable, indicating that it is possible to make a polymeric coating even
when adverse wetting conditions are present, i.e. in the presence of an alkane brush layer.

In cases where the nanoparticle filled polymer films are unstable, the dewetting dynamics
is significantly slower, both in requiring a long nucleation time and exhibiting a reduced hole
growth rate. It is evident that metastability is induced by segregated nanoparticle layers (see
figure 6) and the observed (slow) dewetting of lower molecular weight PS nanoparticle filled PS
films may be due to jamming [46] of nanoparticles during flow. Moreover, we have found [32]
that the lowest molecular weight nanoparticles (PS 41 kDa) do not have an apparent yield stress,
at least not one that we could measure, in the bulk which could allow them to flow and hence
for dewetting to eventually occur which appears to be the case for the results shown in figure 3.

5. Generalization

The stabilizing effect of nanoparticles on thin polymer film wetting is a more general
phenomenon and may occur when nanoparticles segregate to the air interface, as we
demonstrate by using a blend of linear polystyrene and cadmium selenide quantum dots
(diameter ~4.7 nm). This blend exemplifies a system where dispersion forces and surface
energy compete with entropy in determining nanoparticle segregation. A TEM micrograph of
the cross-section of a four-layer film of PS 211 kDa is shown in figure 7(a). This multilayer
film was fabricated using cross-linkable linear polystyrene of molecular weight 211 kDa. The
first layer of the film contained a blend of this polystyrene (PS 211 kDa (20%), table 1) and
22 wt% (¢ = 0.046, 6 ~ (0.75) quantum dots, and after spincasting it was annealed for 30 min
at 230°C under vacuum. This annealing enables both segregation of the nanoparticles and
cross-linking of the linear PS providing a solid substrate for the second layer. The second layer
was spincast using pure cross-linkable polystyrene and then cross-linked in a similar manner by
heating the sample [37]. The third and fourth layers were fabricated using a similar procedure
to that used for the first layer through successive spincoating, assembling and cross-linking. Itis
evident from this multilayer material that the quantum dots segregate to both the solid substrate
and to the air interface in the first layer, but mostly to the air interface, and segregate almost
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Figure 7. (a) Cross-sectional TEM micrograph of four PS 211 kDa layers where some contain
CdSe quantum dots as described in the text. Layer 2 does not have any quantum dots in it while
layer 3 does and in this layer they predominantly assemble at the air interface when the polymer
film is heated. Each polymer layer is approximately 75 nm thick and the gold layer was sputtered
on the layered assembly as a focussing aid. (b) A sub-monolayer coverage of quantum dots on a
polystyrene film does not inhibit dewetting (¢ = 0.06, 6 ~ 0.3) after aging for 24 h at 180 °C on an
OTS coated silicon wafer; however, near a monolayer it does (¢ = 0.2, & = 0.9) as shown in (c).
Note how the dewetting pattern in (b) (see inset) is different from the patterns displayed in figures 2
or 3.

exclusively to the air interface in the third layer, remember the second layer has no quantum
dots in it.

The hydrocarbon coating (oleic acid) capping the quantum dots has a lower surface energy
relative to the polystyrene matrix and this provides a driving force for their segregation to the
air interface. Of course, due to the presence of a substrate another entropic force is present
which pushes the nanoparticles to the substrate; hence competition occurs. We find though that
CdSe nanoparticles form a stable wetting layer at the air interface and stabilize the whole film
for layers 3 and 4 in the figure while layer 1 has most of the nanoparticles at the air interface.

The ability of quantum dots to promote wetting of polymer thin films on OTS substrates is
demonstrated in figures 7(b) and (c), where it is seen that again a monolayer coverage strongly
enhances wetting of polystyrene on OTS. The sample was aged for 24 h at 180 °C, conditions
which are severe enough to promote dewetting of a pure polymer film in minutes. Thus,
whether the nanoparticles are at the solid substrate or at the air interface wetting is promoted
which can be justified by equation (3) although uncertainties in estimating coefficients can
produce multiple results and conclusions.

Regardless, the sterically stabilized quantum dots promote wetting when a monolayer or
above is present, yet below this coverage (figure 7(b)) unusual dewetting patterns are present
compared to those in figures 2 and 3. Here it is clear that the system dewets by another
mechanism with patterns similar to those observed during solvent annealing [22, 47] perhaps
due to their position at the air interface.

6. Conclusion

We have presented a systematic study of the effect of nanoparticles on the dewetting behavior
and stability of polymer thin films. Two different types of nanoparticles were used to inhibit
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dewetting, polystyrene nanoparticles and CdSe quantum dots. Neutron reflectivity data provide
convincing evidence that polystyrene nanoparticles segregate to the substrate on annealing,
while TEM images show that CdSe quantum dots predominantly segregate to the air surface.
Though entropic gain drives the PS nanoparticles to the substrate, this is offset in the CdSe case
by the low surface energy of the oleic acid layer on the quantum dot surfaces, leading to the
observed surface segregation of these nanoparticles.

Higher molecular weight polystyrene nanoparticles strongly enhance the wetting behavior
of polystyrene thin films; moreover for all polystyrene nanoparticle sizes a substrate coverage
of a monolayer is essential to provide the strongest inhibition of dewetting. Neutron reflectivity
data demonstrate that the nanoparticle substrate coverage can be changed by varying the
thickness of the film and/or the bulk volume fraction of nanoparticles, providing two avenues
for the control of dewetting; this is also true for the quantum dot system.

The segregation of nanoparticles to interfaces is determined by the interplay between
entropic gain, which is dominant in the case of polystyrene nanoparticles, and enthalpic terms
which dominate in the case of CdSe nanoparticles. Wetting behavior is most simply understood
in terms of an interplay between long range dispersion forces and a short range repulsion
due to nanoparticle segregation, yet a complete theoretical description of both nanoparticle
segregation and thin-film wetting is lacking and remains a major challenge to theorists in the
field. Nevertheless the phenomenological repulsive term introduced in equation (4) can be used
to suggest that strongly segregating nanoparticle/polymer systems provide the largest values of
the segregation energy, v;, and lead to greater improvement of wetting behavior. However,
this tendency must be balanced by the fact that segregation of nanoparticles in the body of the
polymer film is deleterious, so that careful tuning of the tendency to segregation is necessary to
optimize the improvement in wetting behavior though nanoparticle segregation to interfaces.
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