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Abstract: This study comprehensively examines the barrier properties, aging behavior,
and failure mechanisms of Parylene F-VT4 films, applied at four distinct thicknesses
(0.3 pm, 0.6 pm, 0.9 um, and 1.2 pm), as encapsulation layers for implantable medical
devices. Parylene F-VT4, a fluorinated polymer known for its mechanical flexibility, ther-
mal stability, and chemical inertness, is a promising candidate for long-term hermetic
encapsulation. Parylene F-VT4 was uniformly deposited via a dedicated chemical vapor
deposition (CVD) process typically used for Parylene depositions. The investigation of the
Parylene F-VT4 films included pinhole density characterization, electrochemical impedance
spectroscopy (EIS), and testing of coating lifetime based on the resistance of Cu meanders
protected by Parylene F-VT4 when immersed in phosphate-buffered saline (PBS) under
accelerated aging conditions (PBS at 60 °C) over 550 days. The EIS results demonstrated
that thicker coatings (1.2 um) exhibited excellent barrier properties and resistance to elec-
trolyte penetration, whereas thinner coatings (0.3 pm and 0.6 pm) showed more rapid
degradation due to microvoids and pinholes. The temporal evaluation of EIS spectra
highlighted the gradual decrease in impedance magnitude, indicating the ingress of ions
and water into the coating. The lifetime in PBS at 60 °C was determined by resistance-based
lifetime measurements on Cu meander structures coated with Parylene F-VT4 coatings.
The lifetime at 37 °C was calculated, assuming an acceleration factor of 2 per 10 °C increase
in temperature, yielding lifetimes of approximately 25 days, 6.4 months, 2.3 years, and
4.5 years for 0.3 um, 0.6 pm, 0.9 um, and 1.2 pm coatings, respectively. These findings high-
light the critical relationship between thickness and durability, providing valuable insights
into the long-term performance of thin Parylene F-VT4 films for implantable devices.

Keywords: Parylene F-VT4; EIS; lifetime; implantable medical devices; biocompatible
encapsulation

1. Introduction

Implantable medical devices have revolutionized healthcare, providing critical solu-
tions for patient diagnosis, treatment, and monitoring in various therapeutic areas, from
cardiology to neurology [1-3]. As the technology behind these devices advances, the
need for biocompatible, hermetic, and flexible encapsulation becomes increasingly criti-
cal [4]. These encapsulation layers protect the sensitive electronic components of the device
against harsh physiological environments, and they also safeguard surrounding tissue
from potential adverse effects and non-biocompatible materials [5,6].

Traditional rigid materials such as glass, titanium, and Ti alloys have been used widely
as device protection, but they present limitations in terms of device miniaturization and
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flexibility [7]. These limitations led to the growing interest in biocompatible polymeric ma-
terials, such as Parylene, which is known for its unique combination of desirable properties.
Parylene (poly-para-xylylene (PPX)) has emerged as a promising material for biomedical
encapsulation due to its flexibility, chemical inertness, low relative permittivity, elevated
breakdown voltage, and exceptional barrier properties [8-10]. Parylene films are deposited
through a dedicated chemical vapor deposition (CVD) polymerization process that pre-
cisely controls the vaporization and polymerization of Parylene dimer. This technique
ensures the formation of ultra-thin coatings with precise thickness control and excellent
conformality [11]. Furthermore, the deposition process takes place at room temperature
and is solvent-free, making Parylene layers ideal for the coating of biomedical implants
without damaging their sensitive components.

Among the different Parylene types, Parylene C, Parylene N, and Parylene F-VT4
are biocompatible. Parylene F-VT4 is especially noteworthy for its enhanced mechanical
flexibility and improved thermal stability, due to its unique chemical structure incorporating
fluorine atoms [12,13]. This thermal robustness makes it suitable for steam sterilization
(autoclaving), during which exposure to high temperatures (121-134 °C) is needed without
material degradation [14]. Additionally, its excellent thermal stability allows compatibility
with atomic layer deposition (ALD) processes. By depositing inorganic ALD nanolayers
on Parylene films, a composite multilayer encapsulation can be created, resulting in a
significantly increased durability of the encapsulation due to the superior barrier properties
of the Parylene/ALD multilayer [15].

While increasing the Parylene thickness will enhance hermeticity and hence extend the
lifetime of an implanted device, it may also introduce challenges related to the performance
of both electrode-based and mechanical sensors. For electrode-based sensors, a thick
encapsulation layer can increase the distance between the recessed electrodes and the tissue
being measured or stimulated, potentially causing signal distortion or attenuation [16]. For
capacitive electrode sensors, the insulating Parylene layer covering the electrode will be
part of the sensor, and sensitivity will thus obviously decrease with increasing Parylene
thickness [17,18]. For implanted devices that rely on mechanical interaction with the
surrounding medium, such as pressure sensors, actuators, and certain MEMS devices,
increasing the thickness of the encapsulation will decrease sensor performance due to the
additional stiffness and mass loading [19,20]. These issues can be mitigated by reducing
the encapsulation thickness but at the cost of a lower hermeticity. Hence, a compromise
has to be found between sensor functionality and required hermeticity for the envisaged
lifetime of the implanted device.

This paper aims to investigate the performance and lifetime of thinner Parylene F-VT4
films in order to evaluate these films as potential flexible and hermetic encapsulation
layers for implantable medical devices. To achieve this, dedicated test structures are fabri-
cated, with Parylene F-VT4 protective films of various thicknesses, ranging from 0.3 pm to
1.2 um. We conducted a series of pinhole tests, resistance-based lifetime assessment, and
electrochemical impedance spectroscopy (EIS), all during long-term immersion of the test
structures in phosphate-buffered saline (PBS). In order to use sensitive test structures, cop-
per was selected as the underlying material since it will corrode very fast when exposed to
moisture. EIS is an effective electrochemical technique utilized to assess coating properties
and their evolution under corrosive environmental conditions [21-24]. For clarity, Parylene
F-VT4 will be referred to as ‘Parylene’ throughout the rest of the paper.
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2. Materials and Methods
2.1. Sample Preparation

Copper was selected as the underlying material for evaluating the barrier performance
of Parylene, since copper is known to be highly susceptible to corrosion when exposed to
physiological fluids, such as PBS [25]. Glass substrates (5 x 5 cm?) were initially cleaned,
followed by sputtering of 50 nm titanium-tungsten (TiW) and 1 um copper using an
Alcatel SCM600 system. TiW is used to enhance copper adhesion to glass. These plain
copper-coated glass samples were used for pinhole density analysis after being covered
with Parylene coatings, as described in the following section.

For electrochemical impedance spectroscopy (EIS) measurements and for resistance-
based lifetime tests, the TiW /Cu sputtered layers were patterned using photolithography
and wet etching. After dehydration of the samples at 120 °C for 10 min, photoresist (5S1818)
was spin-coated at 4000 rpm for 60 s, followed by a soft bake at 90 °C for 2 min. UV exposure
(75 mJ/cm?) was performed, and the resist was developed in Microposit developer (Micro
Resist Technology GmbH, Berlin, Germany) for 30 s, followed by a post-bake at 120 °C for
30 min to improve resist adhesion and stability. Cu wet etching was done using Mecbrite
CA92 (MEC Europe NV., Ghent, Belgium) for 20 s, followed by TiW etching in H,O, at
55 °C for ~25 s. The pattern, illustrated in Figure 1a, included meanders of three different
linewidths (30 pum, 40 um, and 50 um) with a total length of ~25 cm for each meander, which
were used for resistance-based lifetime testing. A rectangular plane (~2 cm?) adjacent to
the meanders was used for the EIS measurements.
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Figure 1. (a) Mask design used for photolithography and patterning of the sputtered layers. (b) Image
of the patterned Cu sample with a glued ring on the glass to be filled with PBS.

On both types of test structures, Parylene was uniformly deposited by a dedicated
chemical vapor deposition (CVD) process using a C30S Comelec tool, after applying an
A-174 silane adhesion promoter. Four target coating thicknesses—0.3 um, 0.6 pm, 0.9 pm,
and 1.2 pum—were achieved by controlling the amount of Parylene dimer used during the
deposition process. The resulting film thicknesses were verified on silicon dummy samples
using a surface profiler (Alpha-Step 1Q, KLA-Tencor Corp., Milpitas, CA, USA).

To enable immersion of the copper patterns in PBS while performing electrical tests, a
local fluid container was realized by gluing a glass ring on the test substrate using silicone
glue, as shown in Figure 1b. Connectors and wires were soldered to Cu bondpads next to
the fluid container, in order to connect the Cu meanders to the resistance measurement
system and the Cu plane to the EIS potentiostat. After soldering, silicone glue was applied
on the soldered contact pads and wires to protect these structures from damage by water
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drops and vapor during the test. This protection is very important since we envisaged
long-term soaking tests at elevated temperature.

2.2. Pinhole Test

The pinhole test was employed to assess the defect density and pinhole uniformity of
the Parylene layer at various tested thicknesses. This test provides crucial insights into the
coating’s ability to act as a continuous and defect-free encapsulation layer, as pinholes can
lead to rapid failure of the encapsulation layer.

Unpatterned copper samples were coated with Parylene and immersed in a Cu etching
solution (MecbriteCA92 (MEC Europe NV., Ghent, Belgium), a mixture of H,SO,4, CuSOy,
H,0,, and surfactants by Mec Europe) at room temperature. If pinholes are present in
the coating, the etching solution will reach the Cu fast through these defects, attacking
the underlying Cu and resulting in the formation of vias at the pinhole sites. With longer
etch time, the etchant causes undercutting of the copper around the pinholes, enlarging
the vias and making them easily visible under an optical microscope [25,26]. To ensure
clear visualization of the vias while minimizing the risk of overlap of vias due to adjacent
defects, the etching process was performed in three sequential intervals of 10 min each.
After each interval, the samples were rinsed with deionized water and inspected under an
optical microscope (Zeiss Stemi 2000C, Oberkochen, Germany).

2.3. Accelerated Aging

For encapsulation materials with very good barrier properties, such as Parylene,
evaluating long-term degradation under physiological conditions (e.g., at 37 °C) typically
requires years [8]. To overcome this, an accelerated aging test was performed by using
higher soaking temperatures, in order to increase the rate of degradation. In this study,
accelerated lifetime testing was conducted at 60 °C. Using higher temperatures increases the
risk that phenomena not being present at 37 °C may occur and influence the test results [27].
The standard physiological temperature (37 °C) was used as the baseline temperature, and
the acceleration factor (Q19) was calculated based on the assumption that the reaction rate
doubles for every 10 °C increase in temperature [28,29]. The Arrhenius equation was used
to calculate the equivalent aging time at 37 °C:

Lifetimeyye = Lifetimegyoc X QggAA*TRS)/lo O

where Q19 = 2 (reaction rate doubles per 10 °C increase in temperature), To4 = 60 °C
(accelerated aging temperature), and Trs = 37 °C (recommended shelf temperature—
body temperature). Based on this equation, the acceleration factor (AF) is given by
AF = QgAA_TRS 10 923 o, 5, indicating that aging at 60 °C proceeds approximately five
times faster than at 37 °C.

2.4. Experimental Setup for EIS

EIS was conducted to evaluate the barrier properties and aging behavior of Parylene
coatings. This technique is highly sensitive to variations in the electrical and ionic properties
of the coating, providing valuable insights into its degradation over time [30,31]. Substrates
with patterned copper covered with Parylene were immersed in PBS using the fluid
container setup described earlier. To minimize evaporation and ensure consistent test
conditions, the containers were sealed with aluminum lids and Kapton tape. The samples
were stored at an elevated temperature of 60 °C in a digitally controlled oven (Horo Ovens,
Ostfildern, Germany) to accelerate the degradation of the coatings. The PBS solution was
replaced biweekly to mitigate concentration changes caused by evaporation.
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EIS measurements were performed using a potentiostat (Bio-Logic VSP, Seyssinet,
France), and data were recorded by EC-Lab software (V11.50). A three-electrode config-
uration was used with the encapsulated copper plane as the working electrode (WE), a
platinum mesh as the counter electrode (CE), and Ag/AgCl (NaCl saturated) as the ref-
erence electrode (RE). All electrodes were immersed in PBS, as depicted in Figure 2. For
the copper electrode initially coated with a perfect insulating layer, it is difficult to obtain a
stable value of the open-circuit potential (OCP) [30]. Therefore, the OCP was determined on
a bare copper sample and used for subsequent EIS measurements. The EIS measurements
were performed using this OCP value as a baseline, applying a single sine wave amplitude
of 50 mV with a frequency range from 300 mHz to 300 kHz, and recording 10 data points
per decade. All measurements were conducted at room temperature after removing the
samples from the oven and allowing them to cool down.
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Figure 2. Schematic diagram of the electrochemical impedance spectroscopy (EIS) test setup. WE:
working electrode; RE: reference electrode (Ag/AgCl); CE: counter electrode (Pt mesh).

2.5. Equivalent Circuit Modeling

Figure 3 illustrates the Cu plane coated with Parylene in a PBS solution at 3 different
stages, along with the corresponding equivalent circuit model. Figure 3a shows the initial
stage, where the Parylene coating is intact, effectively serving as a robust barrier, preventing
the penetration of water and ions [32]. At this stage, the equivalent circuit consists of Rpps,
representing the bulk resistance of the PBS electrolyte; Rpor, corresponding to the ohmic
resistance of the intact Parylene coating; and Cp,,, which represents the coating capacitance.
The coating capacitance, determined by the dielectric behavior and thickness of the Parylene
layer, is expressed as follows [21]:

A
CPar = SsOE (2)

where ¢ is the relative dielectric constant of the coating, ¢ is the dielectric constant in
vacuum, A is the surface area of the copper plane, and 4 is the thickness of the coating. At
this stage, the impedance spectrum predominantly reflects a near-ideal capacitor due to the
intact coating.

Figure 3b illustrates the next stage, during which the PBS solution begins to penetrate
into the Parylene coating. This penetration occurs due to the presence of pinholes, mi-
crovoids, or inhomogeneities in the polymer structure [33,34]. The water uptake and ionic
diffusion through these pathways lead to deviations from the ideal dielectric behavior of
the coating [35]. Consequently, the coating capacitance (Cp,;) is better represented by a con-
stant phase element (CPE), Qp,r, which accounts for the non-ideal capacitive response [36].
The impedance of the CPE is described by the following:

1
ZcpE = Qlje)® 3)
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where Q is the magnitude of the CPE, « (ranging between 0 and 1) describes the deviation
from the ideal capacitive behavior, w = 27 f is the angular frequency, and j is the imaginary
unit (j2 = —1). At this stage, the circuit also includes R, which represents the charge
transfer resistance at the metal surface exposed to the ionically conducting pathway through
the Parylene layer. Additionally, Qq; corresponds to the double-layer capacitance at the
interface, which also behaves as a CPE due to surface roughness, porosity, and other
interfacial complexities. As the electrolyte penetrates the coating, the impedance spectra
display a reduction in impedance, especially at low frequencies.

Rpor

3 \

Ress Rees Rees
Rpor RP°"
% Crar p— QPar Ret =

(. N )

Parylene Parylene Parylene

AN AN J

(@)

(b) (0)

Figure 3. Temporal evolution of the Parylene F-VT4 coating in PBS, highlighting (a) the intact coating
stage with capacitive behavior, (b) the intermediate stage, with water and ion penetration resulting
in a non-ideal capacitance and charge transfer processes, and (c) the final complete coating failure
leading to Cu corrosion and diffusion-dominated impedance spectra.

In the final stage (Figure 3c), the Parylene coating fails to effectively protect the cop-
per substrate. At this stage, the PBS electrolyte has fully permeated the coating, leading
to significant corrosion of the copper surface. Here, a Warburg impedance element is
added to the equivalent circuit. This element accounts for the diffusion of ionic species
at the metal-coating interface. The Warburg element dominates the low-frequency re-
gion of the impedance spectra, indicating (slower) diffusion-controlled processes [37].
Furthermore, the presence of corrosion products at the interface modifies the interfacial
properties, adding complexity to the impedance response. Observable changes in this final
stage include the dominance of the low-frequency Warburg impedance, which signifies
semi-infinite diffusion behavior due to the accumulation of corrosion products and ion
transport limitations. This is accompanied by a significant reduction in Ry, reflecting active
corrosion processes.

2.6. Resistance-Based Lifetime Testing

Cu meanders were used to evaluate the long-term performance of Parylene as an
encapsulation layer by monitoring their resistance during soaking in PBS. As long as the
layer functions effectively as a barrier against water and ions, the resistance of the meanders
remains stable. However, when the encapsulation layer degrades, the penetration of the
electrolyte into the underlying copper leads to corrosion, which causes a significant increase
in resistance.
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To assess the durability of Parylene coatings, resistance measurements were performed
on 9 meanders present on each test substrate. These 9 meanders have 3 different widths
(3 x 30 pm, 3 x 40 um, and 3 x 50 um). For each Parylene thickness (0.3 pm, 0.6 um,
0.9 um, and 1.2 um), 3 substrates were coated and tested. Resistance measurements were
recorded every six hours during soaking at 60 °C using a switching system integrated with
a multimeter (Keithley 3700A, Keithley Instruments, Solon, OH, USA), ensuring precise
and consistent data acquisition.

The lifetime for each meander was defined as the point when the resistance reached
three times its initial value (Rp), indicating significant corrosion in meanders due to the
loss of barrier integrity. Figure 4 illustrates an example of the measured resistance for a
40 um-wide meander coated with a 0.3 pm-thick Parylene layer, showing failure at 7.5 days
when the resistance increased to 3Ry.

600

Resistance (Q2)
W sy W
S S (=)
[} (=) (=)
L L 1
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S
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0 1 2 3 4 5 6 7 8 9 10
Soaking time at 60°C (days)

Figure 4. Resistance evolution of a 40 um-wide meander coated with 0.3 um Parylene F-VT4.

3. Results and Discussion
3.1. Pinhole Test

After immersion of the unpatterned copper substrates in the etching solution for
30 min in total (3 x 10 min), the created vias are counted using an optical microscope in
the center area of the samples (2 cm x 2 cm). The created vias typically have a diameter
between 8 um and 15 um, which is larger than the minimum diameter needed for proper
visualization by an optical microscope. Representative images of the vias formed by Cu
corrosion at pinhole locations in 0.3 pm Parylene are shown in Figure 5.

Figure 5. Optical microscope images of vias formed in the copper substrate after 30 min of etching
for 0.3 um Parylene F-VT4, highlighting pinhole defects in the layer.
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Table 1 presents a summary of the results, detailing the number of pinholes detected
at different time intervals for coatings with varying thicknesses. The results demonstrate a
clear correlation between the coating thickness and the number of pinholes. As anticipated,
the number of pinholes was greater for the 0.3 um thick coatings compared to the 0.6 um
thick coatings. Coatings with thicknesses of 0.9 um and 1.2 um showed no pinholes at all.

Table 1. Number of pinholes detected (mean + o of three samples) at different time intervals for
Parylene F-VT4 coatings of varying thicknesses.

Parylene F-VT4 Pinhole Count Pinhole Count Pinhole Count
Thickness (10 min) (20 min) (30 min)
0.3 um 37+3 42 +5 42 +5
0.6 pm 3+1 6+2 6+2
0.9 um 0 0 0
1.2 um 0 0 0

Pinhole formation in thinner layers is typically attributed to surface contamination
resulting in incomplete coverage during the deposition process, which introduces weak
points in the film and hence compromises its barrier integrity. In spite of all precautions
taken to avoid contamination, such as working in a cleanroom and using stringent pro-
cessing protocols, the presence of surface contamination such as a small particle, a drying
stain, or some chemical residues cannot be completely avoided. In such a very narrow
location with surface contamination, the initial nucleation of the Parylene monomer can be
inhibited during the early stages of deposition. These contaminated regions hinder initially
the uniform growth of the Parylene film, leading to localized areas of non-deposition,
as shown in Figure 6. Hence, for thin coatings (such as 0.3 um), the contaminated ar-
eas remain uncovered, resulting in pinholes. The Parylene deposition process exhibits
excellent step coverage; hence, when the Parylene film is growing thicker, the sidewalls
of the pinholes are covered with parylene, which results in a narrowing of the pinholes,
and the smallest pinholes will close, as indicated in Figure 6. For the 0.6 um coating, the
smaller pinholes are closed due to lateral film deposition, larger pinholes became smaller
but remain present [38,39]. As the coating thickness increases even more, i.e., to 0.9 um, the
lateral expansion of the film is sufficient to bridge even the larger pinholes. Beyond this
point, and with further increases in thickness, all pinholes are closed, and no uncovered
surface regions remain. This explains the concept of a critical film thickness needed to
bridge the non-nucleated regions—a threshold that depends on the contamination size and
deposition parameters. One should realize, however, that even a closed pinhole can leave a
local weak spot in the Parylene film, since the bottom part of the Parylene layer is locally
not perfect. This highlights that substrate cleanliness is of utmost importance and that a
minimum film thickness is essential to finally achieve pinhole-free Parylene coatings [40].
This minimum film thickness will be larger if the initial surface contamination is not
well controlled.

3.2. EIS Results

Following the preparation of samples with different thicknesses of Parylene, EIS was
performed immediately after introducing PBS into the fluid container, to evaluate the
dielectric properties of the layers and to establish a baseline for subsequent aging studies.
Figure 7 presents the Bode plots after immersion, highlighting the capacitive behavior of the
Parylene layers. The impedance spectra demonstrate that all coatings effectively functioned
as perfect dielectric barriers, with phase angles approaching —90° in the mid-frequency
range, consistent with ideal capacitive behavior [41].
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Figure 6. Origin and evolution of pinholes during Parylene deposition: poor nucleation of Parylene

due to local surface contamination results in pinholes for thin Parylene layers, which will be closed

when the Parylene layer gets thicker, but locally weak spots in the Parylene will remain.
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Figure 7. Magnitude (indicated by dots) and phase (indicated by triangles) of the measured

impedance for four thicknesses of Parylene F-VT4 immediately after immersion in PBS.

The capacitance values of the coatings (Cp,,) were extracted from these results using

the equivalent circuit model shown in Figure 3a. Additionally, theoretical capacitance

values were calculated using Cp,, = 880%, where ¢ = 2.3 is the relative dielectric constant
of the coating [12], eg = 8.854 x 1012 F/m is the permittivity of vacuum, A = 2 x 10~* m?
is the surface area of the copper plane, and d is the Parylene thickness. Table 2 compares the

calculated capacitance values with those extracted from EIS measurements, demonstrating

excellent agreement between the two approaches.
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Table 2. Theoretical and extracted capacitance values from different thicknesses of intact Parylene
F-VT4 coatings.

Parylene F-VT4 Thickness Extracted Cp,, (nF) Theoretical Cp,, (nF)
0.3 um 13.21 13.14
0.6 um 6.55 6.65
0.9 um 4.39 441
1.2 um 3.50 3.45

The temporal evaluation of impedance spectra provides insight into the aging mecha-
nism of coatings during soaking. Figure 8 illustrates the Bode plots for four thicknesses of
Parylene starting immediately after immersion (0 days) until observing severe corrosion
of the copper for the EIS-test substrates. For the thickest Parylene layer, the total soaking
duration was ~1.5 years. EIS measurements were performed every 2 weeks, but only a
selection of EIS results is shown in the plots to avoid overloading the plots while still
showing the gradual change of the impedance and the phase with soaking time. Over
time, a progressive decrease in impedance magnitude was observed, particularly in the
low-frequency region, indicating increased ionic conduction through the coating. This
behavior suggests that microvoids or defects within the Parylene structure facilitated
gradual water uptake and ion diffusion. This non-ideal capacitive behavior was modeled
using a constant phase element (CPE), reflecting the distribution of relaxation times due to
structural inhomogeneities [42].

As is clear from the EIS results, the thickness of the Parylene coatings significantly
influenced their durability, especially the 0.3 um- and 0.6 um-thick coatings, from which
it was evident that they contained pinholes. Figure 9 shows the relative impedance and
phase angle at 1 Hz during the total soaking time, for all thicknesses. The thickest coating
(1.2 um) resulted in a consistently higher impedance level for a longer soaking duration,
demonstrating its superior resistance to electrolyte penetration. In contrast, thinner coatings
(0.3 pm and 0.6 um) exhibited a rapid decline in impedance, correlating with the onset of
visible corrosion of the copper substrate (shown in Figure 8c,d).

The obtained impedance results were fitted using the appropriate equivalent circuit
model, as shown in Figure 3. Figure 10 shows the temporal changes in the fitted circuit val-
ues of the electrical resistance of coating Rpor and capacitance Qp,,. The initial Rpor values
increased significantly with coating thickness, reflecting the enhanced barrier properties
of thicker layers. For the 0.3 um coating, Rp,, started at ~951 MQ) but decayed rapidly
within the first 7 days in PBS at 60 °C, indicating swift electrolyte penetration through
defects [43]. In contrast, the 0.9 um and 1.2 pm coatings exhibited higher initial Rp,, values
and retained substantial resistance over extended soaking time, demonstrating superior
protection against ion ingress. The capacitance values (Qpa,) provided further insights into
the dielectric behavior of coatings. A slight increase in Qp,, was observed over time for all
thicknesses, with a more significant increase for the 0.3 pm-thick Parylene coating. This be-
havior can be attributed to water uptake into the coating layers, which effectively increases
the dielectric constant and compromises the insulating properties [44,45]. However, the
decrease in Qp,; at later time points, especially for thinner coatings, is related to severe
corrosion of the underlying copper substrate. As the copper plane corrodes, a large portion
of the conductive surface is lost, reducing the effective capacitance of the test structure.
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Figure 9. Evolution of the impedance modulus (a) and phase angle (b) at 1 Hz for various thicknesses
of the Parylene F-VT4 coatings over the total soaking period. Failure analysis by optical microscope:
image of copper plane for a 0.3 um-thick Parylene coating at day 14 (c), 0.6 pm-thick Parylene coating
at day 70 (d), 0.9 um-thick Parylene coating at day 322 (e), and 1.2 um-thick Parylene coating at
day 391 (f).
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Figure 10. Temporal change in (a) the coating resistance (Rpor) and (b) the coating capacitance (Qp,,)
for Parylene F-VT4 layers of varying thicknesses.
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3.3. Resistance-Based Lifetime Testing

As explained before, the lifetime of Cu meanders coated with Parylene was also
determined when they were soaked in PBS at 60 °C. Figure 11 illustrates the resistance
measurement of Cu meanders coated with 0.3 um of Parylene. In previous work, the
lifetime of bare Cu meanders in PBS at 60 °C (the same meander design as used in this
work) was determined. The bare Cu patterns corroded very fast in warm PBS. The lifetime
was approximately 0.73 day for 50 pm-, 0.85 day for 40 pm-, and 0.95 day for 30 pm-wide
meanders [27]. The Cu meander width influenced the lifetime, but only with a few hours’
difference. When looking at the results regarding similar Cu meanders but covered with
0.3 um of Parylene, a much longer lifetime was observed, with times to failure between
5 days and 16 days. The variation in lifetime between the meanders is large but is no longer
dependent on meander width. Optical images of 0.3 um-thick Parylene-coated meanders,
after 7 days and 14 days of soaking, are shown in Figure 12. As indicated in these images,
corrosion of Cu begins very locally at all positions where the Parylene coating has a weaker
spot due to a local pinhole/defect. Since a 0.3 pm-thick Parylene coating still has a lot of
pinholes/defects, corrosion starts for all meanders at various positions between day 3 and
day 14. The onset of corrosion can be slightly delayed if the pinhole/defect is smaller, but
after 14 days, all meanders have areas where PBS could penetrate through the Parylene
layer, leading to local corrosion. This mechanism is referred to as ‘primary corrosion’ in
this work.

0.3 um Parylene F-VT4
600 T T . .ry T

i

500 -+

400

Resistance (QQ)
W
S

3]

(=3

(e}
L

100 POOSONNNNNS. S uRteNne 7 RO 1ot oy

——30um ——40um ——50um

0 L) L) L) T L) L) L) T
0 2 4 6 8 10 12 14 16 18

Soaking time at 60°C (days)

Figure 11. Change in resistance of 30 pm-, 40 um-, and 50 pm-wide meanders coated with
0.3 um-thick Parylene F-VT4 layers during soaking in PBS at 60 °C.

When primary corrosion starts, the corrosion products locally cause a volume increase,
which locally exerts increased pressure at the Cu—Parylene interface. Depending on the
adhesion of the Parylene layer to the Cu, the Parylene layer will locally peel off from
the substrate, creating more Cu area that is directly exposed to moisture and ions [46,47].
This novel exposed Cu will corrode and will lead to even more Cu corrosion products,
contributing to an even higher local interfacial pressure, further damaging the Cu-Parylene
interface even more, causing again novel Cu areas exposed to moisture and ions, etc. This
effect is referred to as ‘lateral corrosion’ throughout the text, and the mechanism of primary
corrosion followed by lateral corrosion is schematically explained in Figure 13. Due to
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this primary corrosion followed by lateral corrosion, the resistance of a Cu meander is
increasing, until the lifetime criterion (3 x Ry) is reached.

Figure 12. Optical images of meanders coated with a 0.3 pm-thick layer of Parylene F-VT4. Corroded
areas are indicated by red ellipses: (a) after 7 days, (b) after 14 days.

Parylene

PBS penetration
v through weak point

@) (b)

Figure 13. Two failure mechanisms for Cu meanders: (a) primary corrosion caused by weak points in
the Parylene layers and (b) lateral corrosion resulting from volume expansion by corrosion products.

Also, for meanders covered with thicker layers of Parylene (>0.3 um), these two
distinct corrosion mechanisms were observed. However, with increasing thickness of
Parylene, the amount of weak Parylene areas due to defects/pinholes decreases. This
results in fewer positions that will suffer from primary corrosion. As a consequence, lateral
corrosion will become a very important contributor to the lifetime of the meanders. To
explain this in more detail, we will look at the Cu meanders coated with a 0.9 um-thick



Coatings 2025, 15, 648

15 of 21

Parylene layer. Figure 14 shows optical images of these meanders after various soaking
times in PBS at 60 °C. As shown in Figure 14a, after 197 days, two meanders are corroded
due to primary corrosion, as indicated by the red ellipses. This primary corrosion originates
from weak points in the 0.9 pm-thick Parylene coating causing electrolyte penetration until
the underlying copper pattern is reached. As explained before, corrosion products cause
increased stress at the interface, resulting in local delamination of the Parylene coating,
which enables lateral electrolyte penetration followed by extra corrosion of newly exposed
copper areas. Initially, this lateral corrosion will happen at the same Cu meander, but after
some time, this lateral corrosion will also reach the other meander patterns located left
and/or right from the meander that suffers from primary corrosion (as shown in Figure 14).
After some time, the neighboring meanders will suffer so much from lateral corrosion
that they are completely damaged and their lifetime is reached. If meanders reach their
lifetime due to lateral corrosion only, we will call this failure mechanism of the meander

‘secondary corrosion’. The thicker the Parylene layer on top of the meanders, the fewer

weak spots are present in the Parylene layer, hence fewer meanders will fail due to primary
corrosion, and more meanders will fail due to secondary corrosion. When neighboring
meanders corrode and reach their lifetime due to secondary corrosion, this is not related to
the Parylene coating quality, but to the adhesion between the Parylene and the underlying
materials. Weaker adhesion will result in a faster lateral corrosion process. Also, the
pattern design plays a role: a design with more area of copper will result in more corrosion
products, which will generate more interfacial stress and hence a faster progress of the
lateral corrosion. If the distance between the meanders in our design were increased, the
lateral corrosion would be slowed down severely, and neighboring meanders would only
start to suffer from lateral corrosion after a much longer time. Although both primary and
secondary corrosion ultimately results in meanders reaching their lifetime, it is important
to distinguish between the two failure mechanisms due to their difference in origin.

IIh”'

||n|“|” u

(b)

11

. ’!“M ]

Figure 14. Optical images of meanders coated with 0.9 um-thick Parylene F-VT4: (a) after 197 days,
meanders 6 and 7 showed signs of primary corrosion, (b) after 245 days, meander 4 also showed
primary corrosion, while meanders 5 and 8 showed secondary corrosion, (c) after 273 days, (d) after
307 days, meanders 3 and 9 showed secondary corrosion. Arrows indicate the direction of lateral
corrosion. The red solid lines indicate the corroded area due to primary corrosion, and the blue solid
lines indicate the corroded area due to secondary corrosion. Dashed lines indicate the previously
corroded areas.
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Resistance (Q2)

——03pum —— 0.6 ym —— 0.9 pm —— 1.2 um

The presence of lateral corrosion reduces the meander’s lifetime but is not a function
of the local Parylene integrity; hence, it is not a function of the Parylene thickness. The
progress of lateral corrosion mainly depends on the adhesion of Parylene on Cu and glass.
Probably the Cu thickness also plays a role, since a thicker Cu layer results in more local
corrosion products; hence, a larger volume of corrosion products will push the Parylene
layer upward. Hence, when looking at the obtained lifetime of all meanders present
on a substrate, we cannot avoid mixing two failure mechanisms: (1) primary corrosion
influenced strongly by parylene thickness, and (2) secondary corrosion influenced by the
Cu pattern design, the adhesion of the Parylene, and probably also the Cu thickness. We
calculated the lifetime for each meander based on the 3Ry method, but simultaneously we
classified for each meander the occurring failure mechanism based on optical microscope
images taken at regular time intervals during the immersion of the test structures in PBS. In
Figure 15a, we plotted only the resistance results for meanders that failed due to primary
corrosion for all Parylene thicknesses. As expected, meanders coated with thicker Parylene
layers exhibit a longer lifetime. Figure 15b shows the number of meanders failing by
primary and secondary corrosion for the four different thicknesses of Parylene. This graph
illustrates clearly that the number of meanders failing due to primary corrosion decreased
as the thickness of Parylene increased. As mentioned before, all meanders coated with
0.3 um-thick Parylene fail due to primary corrosion. The observed reduction in the number
of meanders failing by primary corrosion as the coating thickness increases indicates a
decrease in the density of weak points within the coating layer.

600 ~ T T T T T T 35
primary corrosion
500 _ 30 1 secondary corrosion 3
5251 [T _
400 E 2
<
g 204 m
300 i oo =
g 15 ]
200 - £ 13
=104 ]
# Y
100 - . 5] ’7 ]
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100 200 300 400 500 600 03pm  0.6pm 0.9 pum 1.2 pm
Soaking time at 60°C (days) Parylene F-VT4 thickness
(a) (b)

Figure 15. (a) Resistance values of meanders coated with different thicknesses of Parylene F-
VT4 during soaking in PBS at 60 °C; only meanders failing due to primary corrosion are shown.
(b) Comparison of meanders failing due to primary and secondary corrosion for different thicknesses
of Parylene F-VT4 during soaking in PBS at 60 °C.

Figure 16 shows the time to failure of meanders for all samples, failing by both primary
and lateral corrosion mechanisms. All meanders coated with 0.3 pm-thick Parylene failed
after 16 days of soaking in PBS at 60 °C. Meanders coated with 0.6 um-thick Parylene began
to fail after 39 days, with all failures occurring by 107 days of soaking. Meanders coated
with 0.9 pm-thick Parylene did not fail until 169 days, and all 27 meanders failed after
436 days. For meanders encapsulated with 1.2 um-thick Parylene, failure began after
331 days, with failure of all meanders after 550 days.
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Figure 16. The time to failure of meanders coated with different thicknesses of Parylene F-VT4 during

soaking in PBS at 60 °C, taking into account meanders failing due to both primary and secondary
corrosion. Meanders corroded by primary corrosion are indicated by small circles.

3.4. Mean Time to Failure and Lifetime

Since secondary corrosion is not directly related to the quality of the encapsulation
layer, for the calculation of the lifetime of Parylene, we only considered meanders that
failed due to primary corrosion. Therefore, after extracting the lifetime for each meander
based on the 3Ry method, we report the average lifetime of only the meanders that failed
due to only primary corrosion as the mean time to failure (MTTF). Table 3 shows the MTTF
at 60 °C and the MTTF at 37 °C, extrapolated using Equation (1). The MTTF analysis
highlights the critical influence of Parylene thickness on its durability and failure time.
For the thinnest coating (0.3 pm thickness), the MTTF was approximately 9.4 days at
60 °C, corresponding to an extrapolated lifetime of about 1.5 months at 37 °C. This limited
durability reflects the vulnerability of the ultrathin barrier to electrolyte penetration due to
the presence of pinholes, which rapidly compromise its protective properties. Increasing
the coating thickness to 0.6 pm resulted in a significant improvement, with an MTTF of
approximately 9.5 months at 37 °C. This enhancement reflects a reduction in pinhole density
and improved barrier integrity, demonstrating that increased thickness effectively mitigates
structural defects. A further increase in thickness to 0.9 um and 1.2 um yielded substantial
performance gains, with extrapolated MTTFs of approximately 3 years and 5.5 years at
37 °C, respectively. The absence of pinholes in these thicknesses, coupled with the high
barrier properties of Parylene F-VT4 against electrolyte diffusion, significantly enhanced
their effectiveness in preventing electrolyte penetration and reinforced their reliability as
encapsulation layers. It is important to note that the MTTF is related to the surface area of
meanders, which is approximately 0.4 cm? for this study. The number of pinholes present
in a Parylene layer is obviously a function of the Parylene thickness but also of the area,
characterized by pinhole density. For samples that occupy less surface areas, the MTTF
will typically be higher.

In this study, the lifetime of the Parylene layer is determined by the failure time of the
first meanders to fail, rather than the MTTF across all meanders. The timing of the first
failure is the critical point that dictates the actual operational life of the encapsulation in
realistic applications. Therefore, the lifetime of the Parylene layers was determined by the
time to failure of the first meander within each thickness group. The lifetime at 60 °C and
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the extrapolated lifetime at 37 °C are shown in Table 4 for all four thicknesses of Parylene.
The results show a clear correlation between the Parylene thickness and the lifetime.

Table 3. Mean time to failure of four thicknesses of Parylene F-VT4.

. MTTEF at 60 °C (Days) Extrapolated MTTF
Parylene F-VT4 Thickness Mean + o at 37 °C(Qq0 = 2)
0.3 um 94+28 ~1.5 months
0.6 pm 57 +£18.6 ~9.5 months
0.9 pm 2154 £ 34.8 ~3 years
1.2 pm 393.7 £ 69 ~5.5 years

Table 4. Lifetime of four thicknesses of Parylene F-VT4.

Extrapolated Lifetime at

_ . . . [e]
Parylene F-VT4 Thickness Lifetime at 60 °C (Days) 37°C(Q0=2)

0.3 pm 5 ~25 days
0.6 pm 38 ~6.4 months
0.9 um 169 ~2.3 years
1.2 pm 331 ~4.5 years

Obviously, these lifetime values are strongly related to the test structure, being a flat
Cu-on-glass device with meanders having a surface area of ~0.4 cm?. We have chosen
Cu as the test material, which corrodes very fast, in order to perform our evaluation of
Parylene with a sensitive test structure. A real implant will be a three-dimensional device
with other dimensions, consisting of many materials, often less sensitive to corrosion than
Cu. Hence, for each implant, the lifetime of a Parylene F-VT4 barrier coating needs to be
tested. However, the fact that a lifetime of several years can be obtained on our sensitive
Cu structures is very promising.

4. Conclusions

This study examined the performance of Parylene F-VT4 coatings of varying thick-
nesses as protective encapsulation layers for implantable medical devices, with a focus
on understanding how the thickness of the barrier layer influences its performance. The
coatings were evaluated using three techniques: pinhole density measurements, electro-
chemical impedance spectroscopy (EIS), and resistance-based lifetime testing. Thinner
coatings (0.3 um and 0.6 um thickness) showed rapid degradation and short lifetime due
to the presence of pinholes. These pinholes allow electrolytes to reach the underlying sub-
strate. In contrast, thicker coatings (0.9 um and 1.2 um thickness) that are free of pinholes
exhibit superior barrier properties compared to the thinner layers.

In conclusion, Parylene F-VT4 coatings with thicknesses of 0.9 um and 1.2 pm could
be good candidates for encapsulation of implantable medical devices with an implanta-
tion duration of a few years. Our results showed a lifetime of almost 6 months for the
0.9 um coating and approximately 11 months for the 1.2 pm coating at 60 °C in PBS. This
corresponds to a calculated lifetime at 37 °C of approximately 2.3 years for the 0.9 pm-thick
coating and approximately 4.5 years for the 1.2 pm-thick coating. While these results are
based on simplified test structures, they suggest that these coatings could work well for
real implants. If better barrier properties are needed, combining Parylene F-VT4 coatings
with inorganic nanolayers deposited by atomic layer deposition could provide an effective
ultra-long-term encapsulation solution.
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