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We demonstrated the characterization of silica filler materials by force spectroscopic
measurements using an atomic force microscope. Our measurement revealed the local thickness
distribution of a film of polymerized alkylsilane around silica colloids at nanometer resolution.
In addition, our method enabled us to monitor the changes in the thickness distribution after
chemical treatment of the materials. These findings cannot be obtained with other popular
surface analytical techniques such as X-ray photoelectron spectroscopy and scanning electron
microscopy. Our analytical approach is expected to contribute to the evaluation of local
distributions of polymeric materials and nanoparticles and to the design of new filler materials
in the future.

1. Introduction

Filler materials are essential materials used in semiconductor devices.!? The functions of
filler materials in packaging devices include the passivation of integrated circuits, enhancement
of mechanical stiffness (stability), improvement of heat conductivity for heat dissipation, and
insulation.3-7) Recent filler materials used for the passivation of electric devices have been
composites of micro- or nanoparticles (mainly silica) and polymeric materials. By changing the
proportion of their combination, we can optimize the functions.

Despite the intensive use of nanocomposite silica nanoparticles and polymers in the
semiconductor industry, the distribution of silica nanoparticles, the polymer matrix, and their
interface have not been examined in detail. However, these issues directly affect the functions
mentioned above. Figure 1 shows scanning electron microscopy (SEM) (JSM-IT100, JEOL,
Tokyo, Japan) images of silica particles with and without a polymer matrix. From this result, it is
difficult to discuss the interfacial properties of the silica/polymer composite. Figure 2 displays
the X-ray photoelectron spectra (K-ALPHA+, Thermo Fisher Scientific, MA, United States) of
composites and bare silica particles. In addition to the signal from Si2p, we observed a strong
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Fig. 1. SEM images of (a) bare silica particles and (b) silica particles processed with epoxy silane. The scale bars
correspond to 2 pm.
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Fig. 2. XPS spectra of (a) Cls and (b) Si2p regions measured for (c) bare silica particles, and (d) for silica-polymer
composites.

Cls signal from both samples. X-ray photon spectroscopy (XPS), the most widely used surface-
sensitive analytical tool, cannot distinguish between surfactants for protection and carbon
contaminants from the Cls signals from the silica particles. The thicknesses of polymer films
coated on flat solid surfaces can be evaluated by ellipsometry, X-ray, and neutron reflectivity
measurements.®?) Different from the cases of flat surfaces, we cannot apply these analytical
techniques to evaluate the distribution of the polymer matrix. To summarize, we cannot
investigate the distribution of organic materials constituting silica filler materials by
conventional analytical techniques.

In this work, we propose a method for exploring silica/polymer interfaces using atomic force
microscopy (AFM). The local surface mechanical properties have been studied by AFM.(9)
However, the distribution of the polymer matrices around the silica colloids has not been
elucidated. Force—separation measurement using AFM enables us to measure the thickness of
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polymeric materials by pressing the probe tip into the polymer matrix.(!'"15) By this approach,
we attempt to acquire a cross-sectional view of the silica/polymer interface by mapping the
force—separation curves. On this basis, we attempt to visualize the distribution of the polymer
matrix around the silica particles for the first time.

2. Materials and Methods

In this work, we analyzed two types of commercial silica fillers. One comprised bare silica
particles (SO-25 H/24C, mean diameter of 500 nm, Admatechs Co., Miyoshi-shi, Japan). The
other comprised silica particles covered with polymerized epoxy (SE2200-SEJ, SO-25 treated
with 3-glycidoxypropyltrimethoxysilane, Admatechs Co.).

We used a commercial AFM system (SPMS8100, Shimadzu, Kyoto, Japan). The spring
constants of Si3N, cantilevers (PB80OPSA-A, nominal spring constant of 0.15 nN/nm, Olympus,
Tokyo, Japan) were calibrated by a thermal noise method.19) The separation at the origin
(separation = 0) was defined as the point where the probe in contact with the hard surface
exhibited a linear increase in force as a function of the z-piezo displacement in the
AFM system.(!”19) Before force-separation curve mapping, we performed rough 2D mapping
with a small triggering force (<300 pN) to obtain the topography of the silica colloid surfaces.
Then, we performed mapping along a line with a higher triggering force (1.5 nN). Force—
separation curve measurements were performed at 62 x 3 points in an area of 200 x 25 nm?. All
the measurements were performed in NaCl solution (10 mM) to suppress electrostatic double
layer repulsion and strong adhesion between the polymer matrix and AFM probe.

3. Results and Discussion
Figure 3 shows typical force—separation curves recorded with the approach (black) and

release (red) of the probe. The curves for the approach and release observed for a bare silica
particle are almost identical [Fig. 3(a)]. At a separation below 10 nm, we observed weak
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Fig. 3. (Color online) Force—separation curves recorded on approach (black) and release measured with (a) bare
silica particle and (b) silica—polymer composite.



3962 Sensors and Materials, Vol. 34, No. 11 (2022)

compression (nonlinear behavior of the force—separation curve). We consider this to be due to
the surfactant and/or contaminants on the silica particle, which was confirmed by XPS
[Fig. 2(a)]. When the probe reached the surface, the force increased abruptly. We also observed
no adhesion between the silica colloid and probe, indicating that no bridging occurred between
the probe and the silica surface upon the retraction of the probe.

In contrast, the shapes of the force—separation curves are completely different for the silica—
polymer composite [Fig.3(b)]. We observed a dip upon contact of the probe to the substrate at
around 150 nm in the approach curve, most probably due to van der Waals attraction. The probe
penetrated a relatively hard layer after the dip, and yielding of the polymer layer was observed.
This result indicates that a relatively mechanically stable layer was formed at the surface. We
consider that water molecules generated by the cross-linking reaction may easily escape from
the layer at the polymer surface, resulting in the high degree of cross-linking in the polymer
layer. After the penetration of the probe tip into the layer, the yielding force was observed during
indentation by the probe, indicating that the layer beneath the surface was soft. With the
retraction of the tip, the curve does not follow the approach curve, resulting in hysteresis
between the approach and retraction curves, indicating plastic deformation of the polymer
matrix.

As discussed above, the force—separation curve measurements reveal the distribution of the
polymer matrix covering the silica particles. Therefore, the mapping of force curves can be used
to visualize the 3D distribution of the polymer matrix. By mapping the force acting on the probe
during its approach, we can visualize the distribution of the polymer matrix around the silica
particles [Figs. 4(a) and 4(b)]. The force—separation curves recorded with a bare silica particle
revealed the accumulation of surfactants and/or contaminants with a constant thickness of a few
nm.

On the other hand, for the silica—polymer composites, we confirmed that a polymer layer
with a thickness ranging from 50 to 100 nm had formed on a silica sphere. We can evaluate not
only the local thickness but also the local distribution of the elastic modulus, which strongly
depends on the cross-linking degree of the epoxy silane molecules. Note that there is a small
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Fig. 4.  (Color online) Distribution of force recorded on approach of probe evaluated on (a) bare silica particle and
(b) silica—polymer composite.
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discrepancy between the force distribution in the first and second scans (Fig. 5), indicating a
mechanical effect on the polymer matrix by force mapping. Therefore, the mechanical properties
of the polymer matrix should be evaluated from the results of the first force mapping.

This force-mapping method can also follow changes in the polymer matrix after physical or
chemical treatment. Figure 6 displays the results of force mapping of the silica—polymer
composite after rinsing with chloroform. As shown, no polymer layer was observed. This
indicates that the polymer matrix was not immobilized to the silica particles via covalent bonds.
In this work, the silane molecules reacted with silanol groups on the particle surfaces and formed
a monolayer. The surrounding molecules did not form covalent bonds with the molecules
constituting the monolayer. Therefore, the polymer matrix was easily removed by rinsing, even
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Fig. 5. (Color online) Distribution of force recorded on approach of probe evaluated with silica—polymer

composites in (a) first and (b) second scans.
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Fig. 6. (Color online) Distribution of force recorded on approach of probe evaluated with silica—polymer composite
after rinsing with chloroform.
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though the surrounding molecules were cross-linked. Such an interfacial property significantly
affects the mechanical and heat transport properties of silica—polymer composites.>? Therefore,
the analysis using force mapping is expected to be beneficial for optimizing the experimental
conditions and choice of materials.

4. Conclusions

We performed mappings of force—separation curves using an AFM to investigate the
interfacial properties of silica—polymer composites. The measurement revealed the distribution
of a polymer layer around the silica particles, enabling us to evaluate the local thickness of the
polymer layer. We also demonstrated that the force-mapping method can characterize changes in
the distribution resulting from physical and chemical processes acting on the composites. In
general, silica—polymer composites have been analyzed by XPS, SEM, thermogravimetry, and
IR absorption spectroscopy. However, no method has succeeded in the visualization and
evaluation of the local distribution of a polymer layer around particles. We strongly believe that
the proposed method will contribute to the analysis of filler materials used in various industrial
applications.
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