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Abstract: Advanced packaging solutions require insulation and passivation materials with excep-
tional properties which can also fulfill the reliability needs of electronics devices such as MEMS,
sensors or power modules. Since bonding (cohesive/adhesive) properties of packaging coatings are
very important for reliable functioning of electronics devices, the bonding of aliphatic fluorinate-4
(AF4) parylene coatings was assessed in this work. As there is a lack of data regarding its bonding
towards different substrates, pull-off tests of 1.6 and 2.5 um thick AF4 coatings on silicon (Si) and
glass (5iOz2) substrates were performed. These showed a clear difference in the pull-off F/s curves
between the AF4 coatings on Si and SiO: substrates. This difference is parameterized by the pull-off
energy, which will be presented in this work. To further understand the origin of the distinction in
the pull-off energies between the AF4-Si and AF4-SiO2 samples and subsequently the cohesive/ad-
hesive properties, mechanical and structural characterization was conducted on the AF4 coatings,
where a clear difference in the E-modulus and crystallinity was observed. The Si and SiOz wafers
were shown to facilitate the CVD growth of the AF4 film distinctively, which likely relates to the
divergent thermal properties of the substrates. Understanding of the cohesive/adhesive properties
of AF4 coatings on different substrate materials advances the usage of the AF4 in electronics pack-
aging technologies.
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1. Introduction

Poly(p-xylylene) or parylene is a thermoplastic polymer with a semicrystalline struc-
ture, which was introduced in the 1960s [1]. It has found applicability in different indus-
tries through the years, such as in the automotive, medical and electronics industries [2—
5], where it has often found functionality in MEMS devices [6-8]. Different parylene types
were developed in the last 50 years and many different types are known nowadays, such
as C, D, N, F and AF4. Parylene in general is primarily used as a sealing coating since it
has great barrier properties. There are a lot of research papers to be found on parylene C,
which is also the most used parylene type in the electronics industry [9-16]. On the other
hand, a much lower number of papers are to be found on the parylene type AF4 (aliphatic
fluorinate-4), which, especially in comparison to the other parylene types, stands out due
to its high thermal stability (up to 550 °C) [17]. In addition, it also offers very good dielec-
tric properties, chemical inertness, high resistance against oxidation, low moisture intake
and high UV stability [18,19].

In Figure 1a, the chemical structure of AF4 can be seen, where two fluorine atoms get
covalently bonded on the carbon which connects the benzene rings. For the deposition of
thin film AF4 parylene coatings, vapor deposition polymerization (VDP) based on the
Gorham process is used since it produces homogenous films and covers small holes and
edges very well. The VDP process seen in Figure 1b needs solid dimers, which become
sublimated over 100 °C. This vapor is then pyrolyzed over 600 °C and only fluorinated
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monomers are left for the final step, where the polymerization of AF4 takes place on the
substrate material at room temperature [1,18,20,21].
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Figure 1. (a) Chemical structure of parylene AF4 and (b) the Gorham process presented in three
steps for depositing AF4 coatings.

Since parylene AF4 offers such outstanding properties, research was conducted on
using it as a dielectric barrier coating for MEMS applications [22-24]. However, there is a
lack of data regarding the bonding or cohesion/adhesion properties of parylene AF4 to-
wards substrates such as Si/SiO: materials, which are commonly used materials in the
electronics industry. As bonding properties are highly important for reliability purposes
of packaging coatings, pull-off tests were performed in our previous work [25], where
adhesion strengths of AF4 coatings with thicknesses of 1.6 and 2.5 pm on Si and SiO2 sub-
strates were evaluated, and the delamination was inspected by optical microscopy after-
wards. Our findings showed that mainly cohesive failure (rupturing) in the AF4 coating
was occurring with adhesive failure (blistering) occasionally being observed. Due to an
occurring mix of cohesive/adhesive delamination mechanisms, it is more precise to call
the adhesion strength values ‘bond strengths’ since this includes adhesive and cohesive
failure mechanisms [26]. This nomenclature is used throughout this work.

As the bond strength values from [25], did not show any real difference between the
bonding of AF4 towards Si or SiO: substrates, F/s curves of the pull-offs were investigated
more precisely. Interestingly, a clear difference in the displacement of the AF4 coating
between the Si and SiO2 substrate could be observed. To show this difference, the area
beneath the F/s curves was integrated to calculate the mechanical work, which basically
represents the energy needed to reach a pull-off and which we call in this paper ‘pull-off
energy’. In our opinion, it is a parameter which expands the assessment of a pull-off test
in general and gives us an additional parameter for analyzing the pull-off test instead of
only looking at bond strength values, which is the standard parameter for evaluating pull-
off tests [27,28].

To understand the difference in the pull-off energy, additional characterization tech-
niques were applied to investigate the AF4 coatings and evaluate the corresponding elas-
tic moduli, crystallinity and surface morphology using nanoindentation, Raman spectros-
copy, X-ray diffractometry and atomic force microscopy (AFM).

In this paper the pull-off energy results have provided an additional parameter to
characterize the bonding properties of AF4 coatings by pull-off testing, where it is shown
that the differences in the bonding properties are directly linked to the structural changes
in the AF4 polymeric material initiated during the deposition process. Better understand-
ing of the cohesive/adhesive behavior of AF4 parylene coatings enables the fabrication of
more stable coatings consisting of several layers of various materials, which are necessary
for modern electronic devices.
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2. Materials and Methods
2.1. Samples and Pull-Off Tests

Here, a short description of materials is given since the details can be found in [17].
Polished and untreated Si and SiO2 wafers were used as substrates and the vapor deposi-
tion polymerization (VDP) technique was applied for depositing the AF4 parylene, with
1.6 and 2.5 um thicknesses onto the substrates. Pull-off tests were performed following
the ISO standard 4624 [27]. For all the tests a speed of 30 mm/min was applied. Each sam-
pling set (substrate and thickness) had a sample number of 5 pull-off tests.

2.2. Calculation of Work (Pull-Off Energy) from F/s Curves
From all the F/s curves that were gathered, the areas under the curve were integrated
and can be represented as work A [J] according to the equation:
A=F-s, 1)
where F [N] is the force and s [m] the displacement. In Figure 2, a schematic representation
of a pull-off F/s curve can be seen, in which the work was calculated by the next equation:

_on (Y14Y2)
A=X1 2+(X2—X1) )

Equation (2) was applied for all the F/s curves gathered and is another parameter for
assessing pull-off test results by which the energy needed to perform the pull-off is the
cohesion/adhesion parameter rather than just the maximal force or strength.

10

Force [N]

0(Xy, Y1) 2 4 6 8 (Xn, Yn) 10
Displacement [m]

Figure 2. Schematic representation of a pull-off F/s curve.

2.3. Nanoindentation Measurements

Nanoindentation measurements were conducted by a Bruker TI Premium
nanoindenter to determine the elastic modulus of the AF4 parylene coatings. A standard
Berkovich with a 100 nm radius tip was used, and at least 20 indents were performed on
each sample type. The applied forces were in the 0.5 to 1 mN range, and the penetration
depth was between 150-250 nm to eliminate any possible substrate effect. For the Poisson
ratio, 0.4 was assumed from the next reference [29].

2.4. Raman Spectroscopy Measurements

Raman spectra of the AF4 parylene coatings were collected using the micro-Raman
spectrometer (inVia Qontor, Renishaw, London, UK). The excitation wavelength of the
DPSS laser (Renishaw, Wotton-under-Edge, UK) was 785 nm used in combination with
1800 L/mm grating yielding the spectral resolution of about 0.1 cm. The choice of the
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laser line is dictated by the necessity to avoid the electronic absorption and thus a photo-
luminescence background. The power density of about 10 mW/um? estimated for the 100x
objective (NA = 0.75) was used to avoid the heating of samples.

2.5. XRD Measurements

The 6/20 scans of the AF4 parylene coatings were obtained using an X-ray diffrac-
tometer equipped with a 4 bounce Ge 220 monochromator and a parallel beam X-ray mir-
ror on incident side and a PiXcel3D detector (X'Pert® MRD XL, PANalytical, De Zaale,
Eindhoven, Netherlands). The footprint of the X-ray beam was selected to be 2 mmx 2 mm
to reduce the effect of possible thickness inhomogeneity.

2.6. AFM Topography Measurements

Atomic force microscope (NX20, Park Systems, Suwon, South Korea) with the
ACI160TS tip (radius: 2 nm) was used to investigate the surface morphology of the AF4
parylene coatings and determine the rout mean square surface roughness. The non-con-
tact mode was used to ensure no disturbance of the AF4 film surface or the probe during
the measurement.

3. Results and Discussion
3.1. Bond Strength and Pull-Off Energy

In Table 1, bond strengths from [25] and calculated pull-off energies from Equation
(2) are presented for all pull-off tests on different sample types. For better visualization,
the data in Table 1 are presented in graphs in Figure 3, where (a) shows the bond strength
results and (b) shows the pull-off energies for the pull-offs on AF4 coatings.

Table 1. Bond strength and pull-off energy results for all the investigated AF4 coatings by pull-off
testing.

Sample Type Bond Strength [kPa] Pull-Off Energy [m]]

Si substrate-1.6 um AF4 220 + 88 kPa 14 + 0.5m]

Si substrate-2.5 um AF4 234 + 85kPa 1.7 £ 0.8 m]
SiOzsubstrate-1.6 um AF4 303 + 82kPa 3.0+ 1.0mJ
SiO2substrate-2.5 pm AF4 240 + 55 kPa 6.3 +£ 1.8m]

500

(a)

400

300

200 {

100

Bond strength [kPa]

1.6 um AF4Si 2.5 pm AF4 Si 1.6 um AF4Si02 2.5 pm AF4
SiO2
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Figure 3. (a) Bond strengths and (b) pull-off energies for the different AF4 coatings presented in
graphs from the data in Table 1.

The 1.6 pm AF4 coatings showed small differences in the bond strengths, whereas
for the 2.5 um thick AF4 coatings the difference is negligible between Si/SiOz substrates.
The large deviation of up to 30% can be attributed to the pull-off testing method itself,
where it is known that it produces a high deviation due to the setting of the method setup
[30]. On the other hand, the pull-off energies show us a clear difference, where the energy
for the 1,6 um AF4 coating on SiO: is about twice as high on average as that on the Si
substrate. For the 2.5 um thick AF4 coating, it is even over three times higher on the SiO:
substrate than on the Si substrate. It is showing us that the bond strength is not a reliable
parameter to measure the cohesive/adhesive behavior of the AF4 coatings, whereas the
pull-off energies are clearly suggesting that we have different cohesive/adhesive proper-
ties between the AF4 coating samples.

3.2. Nanoindentation Measurements

To understand the difference in the pull-off energies between the AF4 coatings, elas-
ticity properties of the AF4 coatings were analyzed by nanoindentation, where elastic
modulus values were determined and are presented in Table 2 and also in Figure 4 in
graphs for a better comparison to the pull-off energies in Figure 3.

Like in the case of the pull-off energies, the elastic modulus of the AF4 coatings on
Si0O:2 is about twice as high as that on the Si substrates. The deviation also increases for the
AF4-SiOzsamples. This shows that we have an increased mechanical strength on the AF4-
SiO2 sample in comparison to the AF4-Si sample. This is in good agreement with the pull-
off energy values. The difference in the pull-off energies seems to come from a difference
in the elastic moduli values and also from an increased ductility, which can be observed
in the F/s curves (see Supplementary Figure S1) through higher displacement of the AF4
coatings on SiO2 substrates. Another interesting point to mention is that on the AF4-SiO
F/s curves strain hardening is visible by a second occurring force peak, which is not the
case for the AF4-5Si samples, where we only observe one force peak. This hardening mech-
anism increases the ductility and suggests that changes in the crystalline structure of the
AF4 coatings were occurring during the pull-off [31]. Since these differences in the me-
chanical properties of the AF4 coatings are directly correlated to the crystalline structure,
analyses by X-ray diffractometry and Raman spectroscopy were conducted next to gain a
better understanding of how different the crystallinity between the AF4 coating samples
is.
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Table 2. Nanoindentation elastic modulus results for the AF4 coatings.

Sample Type Elastic Modulus [GPa]
Si substrate-1.6 um AF4 32 + 04 GPa
Si substrate-2.5 um AF4 3.8 + 0.4 GPa
SiOzsubstrate-1.6 um AF4 58 + 1.0GPa
SiOzsubstrate-2.5 um AF4 7.7 £ 2.0 GPa
10
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1.6 um AF4 Si 2.5 um AF4 Si 1.6 um AF4 SiO2 2.5 um AF4 SiO2

Figure 4. Data from Table 2. presented in graphs.

3.3. X-ray Diffractometry and Raman Spectroscopy Measurements

In order to understand the difference in the mechanical response of the AF4 parylene
coatings, structural analyses on the molecular and mesoscopic levels using X-ray diffrac-
tometry and Raman spectroscopy, respectively, were performed. The results for the 1.6
um AF4 coatings are shown in Figure 5 (left) where the X-ray pattern is seen, whereas
(right) the Raman spectra were recorded for the AF4 coating on Si and SiO2 substrates.

The diffraction pattern of the AF4-Si sample exhibited two peaks at 20 = 18.92° and
22.73°. In the case of the AF4-5i0O:2 sample, it showed peaks at 19.29° and 22.61°. The peak
positions correspond to the amorphous and crystalline fractions of the parylene molecules
[32,33]. The position deviations suggest the variation of the strain, likely to be caused by
the mismatch in thermal expansion rather than by the lattice mismatch. No peak charac-
teristic for amorphous carbon at around 20 = 24° was observed.

Provided similar thicknesses of the films, the higher intensity of the peaks in the AF4-
SiOz2sample corresponds to the higher crystallinity of its coating, which was also observed
for the parylene-C films [32]. Such long-range ordering is usually acquired via thermal
treatment of the polymers during or after the deposition [34]. We can thus conclude that
the surface temperature of the SiO: wafer during the deposition was higher than in the
case of the Si wafer, owing to the differences in the thermal conductivity of the materials.
The spectroscopic results recorded for the 2.5 um parylene AF4 coatings deposited on Si
and SiO2 wafers confirm the effect of a temperature gradient (see Supplementary Figure
S2).

Additional insight into the inner structure of the parylene chains can be found in the
results of the Raman spectroscopy investigation (Figure 5 (right)). The acquired spectra
mainly exhibit the Raman bands corresponding to the molecular vibrations of parylene
monomers as well as the ones of the respective substrates, mainly located below 600 cm™.
Comparing to the Raman spectrum of parylene-C, the chain-related modes show soften-
ing due to the heavier fluorine atoms substituting lighter hydrogen, while the modes of
the aryl ring are lightly influenced [33]. Hence, the modes at 742.2, 764.5 and 1309 cm™



Coatings 2023, 13, 237

7 of 10

Intensity (a.u.)

were attributed to the CF:stretching, scissoring and wagging/twisting vibrations, respec-
tively [33,35].
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Figure 5. (Left) X-ray diffraction patterns and (right) Raman spectra of the 1.6 um parylene AF4
films deposited on the Si and SiO: substrates.

The intensity ratios of these modes reveal the difference in the Raman spectra of two
samples suggesting that some of the vibrations are found slightly damped [36]. Thus,
when compared to the reference spectral band at 1617 cm™! corresponding to the C=C vi-
brational mode, the intensity of the band at 1306 cm™is lower in the case of the AF4-5iO:
sample (I(1306)/1(1617) = 0.54 for SiO2 and 0.60 for Si). A similar intensity reduction is ev-
ident for the mode at 764.5 cm™ when compared to the one at 742.2 cm™, for instance. For
all the mode assignments of AF4, see Supplementary Tables S1 and S2. We related the
dampening of the scissoring and wagging vibrations to the closer proximity of the poly-
meric chains in the film deposited on the SiO2 substrate. Thus, one expects a stronger in-
terchain binding, which can explain the higher elastic modulus of the AF4 coating on SiO.

3.4. AFM Topography Measurements

The topography of the AF4 coatings was investigated to see if any differences can be
observed and how the deposition process could affect the topography. Surface morphol-
ogy of the AF4 coatings shows the difference between the cases of Si and SiO: substrates
as well as various film thicknesses (1.6 and 2.5 um), which can be observed in Figure 6.

Despite the similar appearance, the 1.6 pm AF4 parylene coating on the Si wafer
shows higher rms roughness than the one deposited on the SiOz substrate by almost 25%.
Similar behavior is observed for the thicker 2.5 um films, where, however, the contrast in
the roughness values is much higher, reaching up to 200%. Although the latter case shows
more uniform surface, one can occasionally observe large round clusters of the polymer
of about 300 nm in height. The case of the Si substrate, however, displays numerous elon-
gated thread-like structures, which presumably originate from the polymer chains unable
to recrystallize during the deposition. This is not the case for the 1.6 um coatings. It thus
suggests a certain temperature gradient within the films, leading to the disparity in the
surface morphologies.

The topography is also in correspondence with the crystallinity and mechanical prop-
erties, which all suggests that the bonding property differences in the AF4 coatings come
from the deposition process itself.
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Figure 6. Surface morphology images of the 1.6 um AF4 coating on Si (a) and SiO: (b) substrates
and 2.5 um AF4 films deposited on Si (c) and SiO2 (d) substrates obtained via atomic force micros-
copy. The rms surface roughness, Sq, is given in the corresponding images.

4. Conclusions

The pull-off F/s curves of the AF4 coatings deposited by VDP on Si and SiO: wafers
were parameterized by pull-off energy, which showed a divergence in the energies re-
quired to reach the pull-off on the AF4-Si and AF4-SiOz samples. By only analyzing the
bond strengths, a small or negligible difference was observed. The F/s curves of the AF4
coating deposited on the SiO: substrate, in contrast to the Si substrate, showed an in-
creased ductility with a strain hardening mechanism occurring for the AF4 coating. By
nanoindentation measurements, it was shown that the elastic modulus of the AF4 coating
on the SiO: substrate was about twice as high as that of the AF4 coating on Si. Since the
elastic modulus is a cohesive property of the coating, it can explain the higher pull-off
energy of the AF4 coating on the SiO2in comparison to the Si substrate. This is in accord-
ance with our findings from [25], where it was shown that the AF4 coating delaminates
mainly cohesively by pull-off testing. Adhesion of the AF4 coatings on Si and SiO2 sub-
strates seems to be good, since the AF4 coating itself fails rather cohesively and adhesive
failure is rarer. The divergence in the pull-off energies is therefore based on the divergence
in the cohesive properties rather than the adhesive properties. The difference in the cohe-
sive properties is directly correlated to the microstructure of AF4 coatings, as character-
ized by XRD and Raman spectroscopy. The characterization results showed that the crys-
tallinity of the AF4 coating on SiO: is higher than on the Si substrates owing to the stronger
interaction of the polymeric chains in the earlier case, which can be explained by the
higher temperature on the SiO2 substrate in comparison to the Si substrate during the film
growth of the AF4 coating.

As our work shows what a high impact the deposition process and the substrate ma-
terial can have on the AF4 coatings properties, it is very important to carefully design the
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deposition process for reaching AF4 coatings with same or similar properties, which can
then be applied to harsh environments where thermal, corrosive, mechanical and UV sta-
bility must be given. MEMS, sensors or power devices with AF4 packaging coatings can
be used, for example, in space, biomedical or mining applications, where the excellent
AF4 properties can be decisive for a reliable working process of electronics devices.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings13020237/s1, Figure S1: F/s curves of the pull-off
tests on the 1.6 pm and 2.5 pm thick AF4 parylene coatings deposited on Si and SiO2 substrates;
Figure S2: (a) X-ray diffraction patterns and (b) Raman spectra of the 2.5 um parylene AF-4 films
deposited on the Si and SiO: wafers. The 2.5 um parylene coatings exhibit similar behavior to the
1.6 um thick ones but introduce the deviation, which is purely thickness-dependent: parylene mol-
ecules seem to polymerize less efficiently at the higher film thickness due to the temperature gradi-
ent present; Table S1: Parylene AF-4 mode assignment; Table S2: Calculation of the area ratio for the
selected modes.
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