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Abstract

This work investigates the reciprocal adhesion of Polybenzoxazole (PBO) and silicon ni-
tride (SiN) with a focus on the combined effects of surface chemistry and environmental
conditions, i.e., temperature (T) and relative humidity (RH). A set of six samples, including
standard and silicon-rich SiN substrates treated with oxygen (O2) or carbon tetrafluoride
(CF4) plasma, was fabricated and characterized by AFM, XPS, and TEM/EDX to quantify
surface roughness and interfacial chemical modifications. Adhesion with PBO was then
assessed through nanoindentation both in situ, during ambient control, and ex situ, after
aging in a climatic chamber. Compared to PBO adhesion with as-deposited standard
and silicon-rich SiN, O2 plasma treatment was shown to improve adhesion by 13% and
24%, respectively, whereas CF4 plasma treatment was still beneficial but more limited,
improving adhesion by 8% for both substrates. The different effects were ascribed to
the formation of a surface oxide layer after O2 plasma, enhancing chemical affinity and
substantially equalizing the adhesion on the two SiN substrates, while CF4 plasma was
impacting adhesion by reducing the substrates’ activity and, thus, increasing the efficiency
of the PBO curing procedure. Notably, the adhesion loss with increasing dew point of
the ambient (dependent on temperature and relative humidity) was observed across all
samples regardless of surface treatment, reinforcing the critical role of absorbed moisture
on polymeric film adhesion. However, this trend was observed for all samples only for
in situ testing, with a loss of 25% in the critical load of delamination for the most critical
environment, while ex situ tests showed a marked recovery of adhesion properties, leading
to measurements no longer reflecting the actual state of the samples inside the altered envi-
ronment. The results presented in this paper highlight the effect of substrate preparation
on the adhesion of an organic compound and a substantial difference in environmental
control methods for adhesion testing, providing an alternative approach to classical aging
treatments and subsequent characterization for qualifying polymer/inorganic interfaces
exposed to stressful operational conditions.
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1. Introduction
Polymeric materials used as protective layers play a crucial role in the manufacturing

of advanced microelectronic components, particularly in providing mechanical protection
and electrical insulation for devices. Among these materials, polybenzoxazoles (PBO) and
polyimides (PI) represent two of the most widely used classes due to their excellent thermal,
mechanical, and chemical properties, which are essential for the reliability and operational
lifetime of electronic devices. In particular, PBO stands out for its high thermal stability, low
dielectric constant, and excellent chemical resistance, making it ideal for high-performance
applications in devices subjected to strong thermal cycling and humid environments [1,2].
However, despite these properties, long-term reliability strongly depends on the quality
of adhesion between the polymeric film and the underlying inorganic substrate, typically
a passivation layer like silicon nitride (SiN), which is nowadays one of the most used
materials for this role in the semiconductor industry [3,4].

Recent studies have emphasized that the intrinsic structure and the presence of de-
fects in polymer films can significantly reduce their mechanical properties and adhesive
strength [5]. However, it is well known that the main causes of degradation at the interface
between polymeric and inorganic substrates are primarily environmental factors such
as temperature and humidity [6–9]. These factors can induce internal stresses, delami-
nation, and structural degradation phenomena, which compromise the functionality of
the electronic component. Moisture absorption induces significant hygroscopic swelling
in polymer films, generating internal stress and promoting the progressive deterioration
of adhesion [10–14].

Careful control of the substrate surface preparation can be an effective strategy to
maximize adhesive performance and device reliability. Several studies have shown that
the surface properties of the substrate, such as roughness, surface chemistry, and pre-
conditioning treatments, can significantly affect adhesion quality [15–18]. The impact
of roughness is still not entirely clear, with some studies in the literature indicating an
increase in adhesion with increasing roughness due to higher effective contact and mechan-
ical interlocking [19,20], and others showing experimental results of increasing adhesion
for smoother substrates [21]. On the contrary, the impact of the substrate surface chem-
istry, including the presence of oxygenated or fluorinated functional groups, has been
shown repeatedly to strongly influence chemical affinity and the formation of interfa-
cial bonds [22–24]. For instance, oxygen plasma treatments are widely used to improve
interface adhesion [25–27].

Another significant aspect concerns the possibility of performing adhesion characteri-
zations on samples of interest while controlling the environment or following environmen-
tal aging treatments. In the former case, the characterization is in situ, often limited to short
retention times in the modified ambient, whereas in the latter, the characterization is ex
situ, which permits investigation of aspects related to longer retention times at the cost of
performing the adhesion test in a different environment.

The present study aims to characterize through nanoindentation the adhesion of a
SiN/PBO interface by varying the SiN substrates stoichiometry, their surface properties
through plasma treatments, and the environmental conditions, through the implementation
of complementary in situ and ex situ analysis. This approach allowed a better under-
standing of the differences between the two environmental control methodologies across a
diverse set of samples, introducing a valid alternative method to the well-established aging
technique to assess interface quality and resistance.
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2. Experimental Methods
The experimental set consists of six samples composed of different variants of silicon

nitrides as substrate on which identical ~9 µm thick PBO polymer film is deposited via
electrospinning and subsequently cured at 350 ◦C for 60 min under N2 environment. The
SiN substrates were deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD)
with a nominal thickness of 0.6 µm on planar silicon wafers (775 µm). To investigate
the effect of substrate stoichiometry on adhesion, the chemical composition of SiN was
modified by varying the ratio of silane (SiH4) and ammonia (NH3) precursors during
the deposition process. Two main groups of samples were produced, each consisting
of three variants in terms of post-deposition surface treatment. The first group includes
standard (St), near-stoichiometric SiN substrates with a nominal Si/N ratio of 0.80, while
the second group consists of silicon-rich (SR) SiN substrates with a nominal Si/N ratio of
1.05. Each group includes a sample as-deposited (no surface treatment), a sample treated
with oxygen plasma (O2), and one treated with carbon tetrafluoride plasma (CF4). Both
plasma treatments were applied by inductively coupled plasma (ICP) with an Ultima
HDP-CVD Centura reactor (Applied Materials, Santa Clara, CA, USA) with an exposure
time of 10 min. All the SiN substrates are described in Table 1.

Table 1. List of SiN substrates analyzed in this study. All samples are composed of a bulk silicon support,
a SiN substrate of 0.6 µm thickness and varying stoichiometry, and an upperlying 9 µm PBO film.

Tag Si/N Treatment
St_Asd 0.8 As-deposited
St_CF4 0.8 Plasma CF4
St_O2 0.8 Plasma O2

SR_Asd 1.05 As-deposited
SR_CF4 1.05 Plasma CF4
SR_O2 1.05 Plasma O2

Before PBO deposition, the six substrates were characterized using several analytical
techniques; this approach enabled a systematic evaluation of how different surface treat-
ment conditions influence the quality of PBO adhesion on the inorganic substrate. Surface
roughness was measured by Atomic Force Microscopy (AFM) using a Bruker Dimension
IconXR (Bruker, Billerica, MA, USA), while surface and cross-sectional chemical composi-
tion were analyzed by X-ray Photoelectron Spectroscopy (XPS) using a PHI5000 Versaprobe
III coupled with argon sputtering for depth profiling (ULVAC-PHI, Chigasaki, KA, Japan)
and by Transmission Electron Microscopy (TEM) coupled with Energy Dispersive X-ray
Spectroscopy (EDX), using a Themis Z aberration-corrected Scanning Transmission Electron
Microscope (Thermo Fisher Scientific, Waltham, MA, USA).

After PBO deposition, it has been possible to evaluate the adhesion on the different
substrates and as a function of the external environment, both in situ and ex situ. Due to
high baseline adhesion values, standard techniques such as peel tests [28] and four-point
bending did not yield adequate results. Thus, adhesion analyses have been performed
through nanoindentation using a Bruker TI980 tribo-indenter (Bruker, Billerica, MA, USA)
equipped with a high load transducer and a sphero-conical tip with a 20 µm curvature
radius. Nanoindentation also offers the advantage of integration with environmental
control modules, allowing for in situ analyses directly within the experimental setup. The
PBO adhesion to the six analyzed substrates was then evaluated by comparing the critical
load for delamination (details in Section 4). One SiN/PBO sample for each substrate
and environmental condition has been tested in situ and ex situ (two different sets of
samples), and the reported critical load for delamination was obtained by normalizing to
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the maximum applied load, using the average curves from six consecutive indentations for
each sample.

In situ analyses were performed using the “xSol-Humidity” module, a sample holder
designed for specimens with small dimension (~15 × 15 mm), whose internal atmosphere
can be controlled by heaters and water vapor injection, controlled respectively by a tempera-
ture controller (Model 336, Lake Shore Cryotronics Inc., Westerville, OH, USA) and a humid-
ity generator (HGC30, DataPhysics Instruments GmbH, Filderstadt, BW, Germany) [29].
The feedback to the heaters and the humidity generator is provided by a thermocouple
measuring the temperature and a sensor measuring the relative humidity, placed a few
millimeters from the sample. A small opening (~4 mm diameter) on the top of the sample
holder enables access of the nanoindentation tip to the sample surface. For this purpose,
dedicated tips are used, designed with a shaft long enough to cover the full distance
between the sample surface and the outer surface of the sample holder. Thus, in situ
analysis enables more accurate characterization of adhesive properties, providing data
that directly reflect the real operating conditions to which the materials are exposed. The
samples were tested in different environments upon reaching the equilibrium condition
inside the xSol-Humidity, up to 75 ◦C and 75% RH, corresponding to the technical limits of
the module. The transient time to stabilize the testing condition has always ranged from
30 to 60 min, varying among the different environments.

For ex situ tests, samples were subjected to aging treatments in a climatic chamber for
periods of 2 and 7 days. Environmental conditions were varied within maximum limits of
85 ◦C and 85% RH, corresponding to the operational limits of the climatic chamber used.
At the end of each aging period, samples were removed from the climatic chamber and
immediately tested via nanoindentation under ambient conditions.

Figure 1 shows all the environmental conditions evaluated in this study for both in
situ and ex situ analyses. In addition to temperature and relative humidity values, the
figure also includes constant dew point curves, which allow for a univocal identification of
the environmental criticality of each condition, and technical tool limits in T and RH.

Figure 1. T–RH plot showing the lines of constant dew point (value reported along the plot edge)
and the points characterized in this study by the climatic chamber or xSol-Humidity module. The red
and blue lines indicate the operational limit of the xSol-Humidity module and the climatic chamber,
respectively. The letters present within the figure are related to Table 2 reported below.
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Table 2. List of all the ambient conditions tested, indicated by the pair T–RH or univocally by the
corresponding TDP, evaluated by the Magnus–Tetens formula (Equation (1)). Each point is tagged
with a letter for quicker relocation in Figure 1.

Tag T (◦C) RH (%) TDP (◦C) Tool Analysis
A 35 35 17 xSol|Humid In Situ
B 35 75 30 xSol|Humid In Situ
C 55 55 43 xSol|Humid In Situ
D 75 35 53 xSol|Humid In Situ
E 75 75 69 xSol|Humid In Situ
F 30 55 20 Climatic Chamber Ex Situ
G 51 55 40 Climatic Chamber Ex Situ
H 73 55 60 Climatic Chamber Ex Situ
I 43 85 40 Climatic Chamber Ex Situ
L 67 25 40 Climatic Chamber Ex Situ

To conclude, Table 2 summarizes all information related to each tested point referenced
in Figure 1.

3. Substrates Characterization
The first results concern the characterization of the SiN substrates, performed to

obtain information that could help understand and interpret the results related to the
adhesion of PBO on the different samples analyzed. To this end, analyses were conducted
to determine the morphological and chemical surface properties of the SiN substrates
before the deposition of the polymeric film.

AFM analysis permitted the investigation of the surface roughness through the root
mean square roughness (Rq) value. Reference results for as-deposited samples are reported
in Figure 2, while all results are summarized in Table 3. Analysis reveals relatively flat
surfaces but significantly higher roughness for Si-rich nitride substrates, by more than
40% compared to standard nitride ones. A distinct difference is noted in the impact of
plasma treatments: while CF4 plasma does not affect the roughness of the substrates, O2

plasma effectively reduces this value by approximately 14% across both standard and
Si-rich substrates.

XPS analysis confirms nominal stoichiometry for the standard nitride (At% Si/N = 0.8)
and shows a small error for the silicon-rich nitride (At% Si/N = 1.08 instead of 1.1).
Moreover, the analysis has been coupled with argon sputtering to observe the evolution of
several elements in the depth profile of the substrates, reported in Figure 3.

The analysis results for the St_Asd substrate are shown in Figure 3a as a reference for
all other substrates investigated. Aside from the obvious presence of silicon and nitrogen,
the analysis reports a small quantity of carbon near the interface, most probably related
to atmospheric contaminants, and varying amounts of oxygen depending on the surface
treatments adopted for the various samples, as reported in Figure 3b. Specifically, the
carbon content at the surface (sputtering time equal to zero) remained between 20% and
40% for all samples, rapidly decreasing to near zero at short thicknesses. It is also worth
noting that plasma treatments with O2 result in a higher oxygen content in the samples
analyzed, with an average increase measured at the surface (sputtering time equal to zero)
of 54% for the St_O2 sample and 74% for the SR_O2 sample, compared to the other four
samples. Furthermore, the treatment also led to a much greater oxygen presence in depth
compared to samples treated with CF4 plasma or without any treatment, suggesting a
more structured surface variation that will be further discussed with TEM/EDX results.
The presence of fluorine was investigated in all samples, but was never found to exceed
2 At%, even in the CF4 plasma-treated samples, and was therefore considered irrelevant
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for adhesion to PBO. Lastly, it was observed that both plasma treatments led to a reduction
in carbon content, most likely due to a “cleaning” effect, with a relative reduction in atomic
carbon content evaluated at the interface of ~50% for the two O2-treated samples and ~52%
for the two CF4-treated samples.

Figure 2. Front view of the standard (a) and silicon-rich (b) SiN as-deposited substrates analyzed
by AFM.

Table 3. AFM analysis results of each substrate by the values of root mean square roughness (Rq) and
maximum peak-valley depth (Rmax) reported in micrometers.

Sample Rq [µm] RMax [µm]
St_Asd 0.77 7.18
SR_Asd 1.12 10.1
St_CF4 0.78 7.88
SR_CF4 1.12 11.0
St_O2 0.66 6.84
SR_O2 0.97 8.63

The effects of plasma treatments on the surface chemical composition of the substrates
were further investigated through TEM/EDX analyses. Results are reported in Figure 4
for the St_O2 substrate used as a reference. Again, the impact of oxygen plasma treatment
proved to be much more effective, resulting in a significant increase in oxygen concentration
at the surface region. Further insights through TEM observation revealed that this increase
in oxygen concentration corresponds to the formation of a surface oxidized layer, whose
thickness has been optically estimated at around 10 nm for both silicon-rich and standard
SiN substrates (see Figure 4b). Results from CF4 plasma have also shown oxygen presence
on the surface, but with lower intensity, of about 20% of atomic presence, reaching half the
at% resulting from oxygen plasma. Indeed, the substrate treated with CF4 plasma shows
no presence of a compact oxidized film in the TEM images. Lastly, fluorine signals were
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again detected, but only for substrates treated with CF4 plasma and always for low atomic
percentages, thus its impact has been considered non- influential for adhesion properties.

Figure 3. XPS analysis reported for the St_Asd substrate used as reference (a), and for oxygen content
in all substrates (b).

Figure 4. Surface EDX signals of the St_O2 substrate (a) and St_CF4 substrate (c) with related
cross-section TEM image ((b) and (d), respectively). Formation of an oxidized layer on the substrate
interface is deducible by the oxide peak at the interface (revealed by a rapid decrease of C content
and increase of Si and N content) and directly visible on the TEM image as a green line for the St_O2
sample, while for the St_CF4 sample, both features are lower in intensity.
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Therefore, it can be concluded that O2 plasma treatment creates an oxidized layer on
the SiN substrates, also significantly modifying the surface roughness, while CF4 plasma
induces lower changes, only slightly increasing oxygen content, and leaving roughness
unvaried. It is worth noting that the two main variations imposed by the O2 plasma
treatment could be correlated: the newly formed surface layer is most probably composed
of SiO2, which, from the literature, is known for having lower roughness than SiN films [22].

4. Adhesion Analysis
Upon conclusion of the substrate’s characterization, the PBO films were deposited,

and their adhesion was evaluated by in situ and ex situ nanoindentation under different
environmental conditions.

Nanoindentation, as a technique for evaluating the adhesion of a deposited film, can be
used in different setups and can provide different outputs depending on the procedure used
or on the possible coupling with finite element simulations [9,30]. For example, it is possible to
perform cross-section indentations near the interface [31] or axially on the surface of the film
under investigation [32]. The latter represents the experimental setup used in this study.

In the case of uniaxial front-view indentation, the tip applies a controlled pressure to
the polymer film surface, generating a stress field that extends to the film–substrate interface
and induces local delamination events. These events correspond to abrupt changes in the
slope of the load-penetration curve, known as “decay event”, and enable direct information
about the film adhesion through the monitoring of the critical load of delamination. This
value, normally stated in µN, in this study has been reported for every sample as the average
result of six subsequent indentations and normalized to the maximum applied load, which
was kept constant for all tests performed to ensure adequate comparison between the results.
For each sample, the six indentations were performed along a line extending 5 mm from the
surface of each square sample (of approximately 15 mm per side), ensuring proper extension
of the tested surface while excluding the edge areas of the samples, which may undergo
unpredictable alterations during environmental control. It is important to note that this
approach allows for sensitive detection of interfacial delamination at a certain critical load,
but not for the extrapolation of the energy of delamination of the film, a parameter most
often used to evaluate the adhesion of a coating. The critical load of delamination permits a
qualitative adhesion ranking between the films under comparison, when all the parameters of
the test, like the loading rate or the maximum load, are kept uniform across all test replicas.

As a reference, Figure 5 reports the load-penetration curve obtained for the SR_Asd
sample tested in ambient conditions (no environmental control). For each individual
indentation curve, the load corresponding to the decay event is evaluated, and the average
value of these results is considered as the critical delamination load of the examined sample.

Regarding environmental control, the severity of the ambient conditions with varying
temperature and relative humidity was considered using an alternative method over those
found in the literature. Instead of keeping one of the two values constant while varying
the other, in this study, it was decided to vary the two values simultaneously to search
for a univocal dependence on the ambient conditions. Therefore, to identify the degree of
severity of the environment, it was decided to exploit the dew point, a physical quantity
directly dependent on T and RH through the Magnus–Tetens formula:

TDP =
b·α(T, RH)

a − α(T, RH)
; α(T, RH) =

a·T
b + T

+ ln
RH
100

; T > 0 ◦C

{
a = 17.6

b = 243 ◦C
(1)

where TDP and T are the dew point and ambient temperature, respectively, (both in ◦C),
RH is the relative humidity, and a and b are two phenomenological constants of the
Magnus–Tetens formula.
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Figure 5. Load-penetration curve obtained by averaging six separated indentations on the SR_Asd
sample. The average curve is represented by the marked black line, while the gray band represents
the standard deviation. The abrupt change in slope, i.e., the decay event, highlighted in the box,
permits evaluation of the critical load of delamination.

The dew point is the temperature at which the air becomes saturated with moisture,
causing water vapor to condense into liquid water. It represents the value to which the
ambient temperature should drop to bring the relative humidity to reach 100%. Thus, a
higher dew point indicates more moisture in the air and a higher absolute humidity.

4.1. Nanoindentation in Ambient Environment

As a first approach, all the samples were tested in ambient conditions before any
environmental control to verify the initial PBO adhesion level. Figure 6 reports the average
critical load for the different substrates, which is considered a reference for the starting
adhesiveness of the analyzed set of samples.

Figure 6. Critical load of the six samples obtained by nanoindentation testing in ambient conditions.

From these first results, it is possible to observe a ranking of the samples, with both
plasma treatments increasing PBO adhesion with different intensities, as reported in Table 4.
Results related to the as-deposited samples show that a more stoichiometric silicon nitride
leads to higher adhesiveness with PBO, as the St_Asd sample reports a critical load 10%
higher than the SR_Asd sample. CF4 plasma leads to an increment of about 8% in the

https://doi.org/10.3390/app16052485

https://doi.org/10.3390/app16052485


Appl. Sci. 2026, 16, 2485 10 of 17

critical load of both substrate types, independently of the starting stoichiometry, while O2

plasma increases the value by 13% for the standard substrate and by 24% for the silicon-rich
substrate, leading both initial substrates to show the same adhesiveness with PBO. These
results further prove the formation of an oxygenated interlayer in the two substrates treated
with oxygen, which instead is not formed in the case of the CF4 plasma.

Table 4. Percentage increment in critical delamination load of as-deposited substrates after plasma
treatments.

Initial Substrate CF4 Plasma O2 Plasma
Standard 8% 13%

Si-rich 8% 24%

Thus the main result of this section states that: (i) increasing silicon content in silicon
nitride reduces its adhesiveness regardless of the increase in surface roughness, and (ii) the
two plasma treatments operate in a different way, with CF4 plasma operating a fixed
increment of the critical load on both substrates, and the O2 plasma substantially equalizing
the adhesiveness of the two original substrates to an equal and higher value.

4.2. Environmental Control: In Situ Analysis

The analyses conducted in situ with the xSol-Humidity environmental control module
provided fundamental information about the adhesive response of the SiN/PBO interface
at varying ambient dew points.

As a first result, it is important to note that the load branches of the load-penetration
curves do not significantly change their slope as the test environment changes within the
evaluated limits, as can be seen in Figure 7. This indicates that the PBO compliance remains
nearly constant across tests and that it is therefore reasonable to directly compare the critical
delamination loads with each other.

Figure 7. Average load-penetration curve obtained by testing the St_Asd sample in situ at varying
ambient dew points. The unvaried slope of the loading branches indicates no major variation in
the compliance of the PBO under increasing severity of ambient conditions. The average curve is
represented by the marked lines, while the gray bands represent the standard deviations.

Once this point is stated, it is useful to analyze the variation of PBO critical delamina-
tion load for increasing severity of the environment in terms of temperature and relative
humidity. Figure 8 shows the results for the samples tested at TDP of 43 ◦C (T = 55 ◦C and
RH = 55%) and TDP of 69 ◦C (T = 75 ◦C and RH = 75%) in comparison to the reference
values obtained in ambient conditions, which have been considered with a TDP of 10 ◦C
(T = 22 ◦C and RH = 50%).

https://doi.org/10.3390/app16052485
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Figure 8. Critical load results for standard SiN samples (a) and silicon-rich SiN samples (b). While
the dashed bar indicates the value obtained under ambient conditions (prior to any environmental
control), the colored bars show the results at the middle (43 ◦C) and high (69 ◦C) dew points within
the tested range.

These results permit identification of three major trends: (I) for a fixed dew point,
the substrate ranking observed in the ambient environment remains valid up to the most
severe conditions tested in situ, with the SR_O2 sample always showing the higher critical
load values (almost identical to St_O2 sample) and the SR_Asd the lower one; (II) all the
samples tested in situ in the most severe conditions show a loss of about 25% of their critical
load of delamination; (III) the decrease of adhesiveness with increasing dew point is almost
constant in all samples, indicating no dependence on substrate selection. This last point
indicates that, while plasma treatments increase the absolute adhesiveness of the PBO, they
have an insignificant impact on the ambient-related interface deterioration.

Moreover, it is interesting to study the evolution of the critical load with the ambient
dew point. Figure 9 reports these trends for plasma-treated samples, which show a sensible
decrease in the critical load for low and high dew point ranges and a plateau for mid-range
dew points, indicating nonlinear behavior with the environmental conditions.

Figure 9. The evolution of the critical load with increasing dew point, tested in situ, is reported for the
four plasma-treated samples. In all samples, a similar trend is observed: rapid decline in critical load
at low and high dew points and a plateau at mid-range dew points within the investigated range.
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4.3. Environmental Control: Ex Situ Analysis

The analysis conducted on samples subjected to the aging process allowed for a direct
comparison between ex situ and in situ testing, revealing interesting PBO behavior most
probably related to its recovery features.

Figure 10 reports the evolution of the critical load of delamination with ambient dew
point for the O2 plasma-treated samples (i.e., the most resistant to delamination) in the case
of the in situ testing and the ex situ testing measured after environmental aging treatments
lasting 2 and 7 days. As a reference, the grey band represents the standard deviation of the
critical load evaluated in ambient conditions, i.e., 22 ◦C and 50% RH.

Figure 10. Comparison between the critical load evolution with increasing dew point between in situ
and ex situ results for the standard (a) and silicon-rich (b) SiN samples treated with oxygen plasma.
Initial values taken in ambient conditions are reported in gray bands, which represent the standard
deviation of the measurements.

The results highlight a clear recovery phenomenon of the PBO’s adhesive properties
once the samples are removed from the climatic chamber and tested ex situ under laboratory
conditions. This effect is particularly evident in samples subjected to 2-day aging, where
post-aging critical load values are similar to those measured before aging. Conversely,
in samples exposed to more prolonged treatments, i.e., 7 days, a slight reduction of an
average 4% in the critical load compared to initial values is observed, which, however, is
substantially independent of the environmental condition they were subjected to during
aging treatment. A similar behavior has been observed in the as-deposited and CF4-treated
samples and represents a significant difference from the results obtained for in situ tests,
where the critical load showed a clear dependence on environment, with a maximum
reduction of an average 24% at 69 ◦C of DP.

5. Discussion
5.1. Substrate Pre-Treatment Effect on Adhesion

On both as-deposited SiN surfaces, PBO adhesion is relatively poor. This is primarily
due to the limited surface energy of silicon nitride, which reduces wettability and the
potential for strong interfacial bonding. This aspect is caused by the elevated number
of silicon-nitrogen (Si-N) or silicon-hydride (Si-H) termination groups present on the
SiN surface [3], which do not readily interact chemically with the PBO precursor during
curing, resulting in weaker adhesion [33,34]. Between the two as-deposited substrates, PBO
shows higher adhesion on the St SiN, probably due to the different roughness and higher
chemical stability [3].

Following both O2 and CF4 plasma treatments, PBO adhesion has been proven to
be improved. However, the mechanisms responsible for this enhancement differ funda-
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mentally due to the distinct surface modifications induced by each treatment. To discuss
such aspects, it is helpful to observe the monomeric structure of PBO as-spun and after the
curing process performed at 350 ◦C, as shown in Figure 11.

Figure 11. Schematic representation of the analyzed PBO monomer before and after the curing step.
As dehydration occurs, the open carbon rings close up, forming oxazole rings through the so-called
oxazolation process.

O2 plasma treatment results in the formation of a thin silicon oxide layer on
the SiN surface. This oxide layer is known to be rich in hydrophilic silanol (Si-OH)
groups [35]—present in drastically higher amounts with respect to untreated SiN—which
are highly reactive with the OH radicals present within the PBO precursor before the
curing process. Interactions between these two groups, i.e., silanols and alcohols, are
energetically favorable, and they tend to undergo dehydration processes to form covalent
bonding through an oxygen atom, producing a water molecule as a byproduct [36]. This
condensation mechanism is further enhanced during the curing treatment carried out to
initiate oxazolation and is expected on a wide variety of surfaces, constituting the main
anchoring and adhesion mechanism of PBO on any substrate, although plasma treatment
in O2 significantly increases its effectiveness. Additionally, the oxide layer increases the
surface energy and wettability of the substrate, optimizing spreading and contact area of
the PBO film [35]. Overall, these effects significantly strengthen interfacial bonding and
thus enhance adhesion. Finally, even if the oxidation effect of the O2 plasma treatment
forms a thicker film on the SR surface with respect to the St one, the PBO adhesion is
increased for both substrates and reaches an almost identical value. This indicates that
the oxidation of the SiN surface can be a method to increase and standardize its adhesive
properties regardless of the deposition parameters used to synthesize it.

It is more complicated to grasp the origins of the adhesion promotion given by the
CF4 plasma treatment. From the experimental results of this work, the treatment does not
impact the surface roughness of the substrate (see Table 2). Excluding this aspect, it is
plausible to consider that adhesion is promoted by an alteration of the chemical groups
present at the interface. Since the adhesion with both substrates is equally increased
by 8%, the beneficial effect of the plasma treatment seems to be independent of the SiN
stoichiometry. With these considerations, the beneficial effects of CF4 plasma are associated
with surface cleaning of external organic pollutants, which may lead to parasitic bonds
with the as-spun PBO [16]. It is hypothesized that such weak bonds could compromise the
oxazolation process during curing, leading to the formation of an interlayer between the
substrate and the bulk polymer with inferior mechanical performance, which could act as a
promoter of crack formation and delamination.

5.2. Moisture Absorption Behavior

The second major finding of this study concerns the role of environmental conditions
in the evolution of PBO/SiN adhesion. In situ measurements showed a consistent critical
load decrease with increasing ambient TDP, up to a reduction of approximately 25% in the
most severe ambient tested, regardless of the substrate analyzed. On the contrary, ex situ
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tests exhibit markedly different behavior, with no measurable change in adhesion after
2 days of aging and a small but permanent decrease in critical load (of approximately 4%)
after 7 days of aging, without a clear dependence on ambient conditions.

Combined, these results suggest two major points: (i) while the substrate nature
significantly affects the initial adhesion, the impact of different environmental conditions
is primarily associated with the polymer properties; (ii) ambient-related adhesion degra-
dation is entirely reversible for short exposure time (in situ or 2 days aging) but not after
prolonged ones (7 days aging), thus indicating the presence of time-dependent degradation
mechanisms with slow kinetic evolution.

This behavior is in line with effects already observed for the hygroscopic swelling of
organic compounds [6,13,37]. This is a well-known degradation mechanism observed when
polymers absorb moisture under humid conditions—undergoing temporary volumetric ex-
pansion and mechanical stress, which could weaken the interface—returning to its initial state
following moisture desorption. Shirangi et al. [37] investigated the swelling effects on organic
compounds, observing a relationship between the reversibility of the detrimental effects of
swelling and dwell time at high moisture content. Considering a diffusion coefficient of water
in thin PBO films in the order of 10−10 m2/s [6,12], it is reasonable to consider hygroscopic
swelling as fully reversible after 2 days of aging but only partially reversible after 7 days of
aging. This would explain the observed critical delamination loads.

While hygroscopic swelling concerns the macro-mechanical behavior of the bulk of
the polymeric film, it is also interesting to consider chemical degradation processes at the
interface. Interfacial bonding can be weakened by replacing hydrogen bonding, reducing
dipole and dispersive interactions, or by breaking chemical bonds through possible hydrol-
ysis reactions [7]. In the system under study, it is plausible that reversible protonation or
hydrogen-bonding substitution could explain an immediate, recoverable drop in adhesion
observed in situ, while hydrolysis or oxidation reactions, possibly catalyzed by pollutant
agents inside the climatic chamber, could be another source of permanent degradation for
the samples tested ex situ.

These findings underscore the importance of considering both short-term and long-
term environmental effects when evaluating adhesion properties, and highlight the funda-
mental differences between in situ and ex situ testing of polymeric passivation layers in
semiconductor packaging.

6. Conclusions
This study provides a comprehensive assessment of the adhesion performance of PBO

films on six different SiN substrates, focusing on the combined influence of O2 and CF4 surface
plasma treatments and environmental conditions. After characterization of the substrates
before PBO deposition, a dual experimental approach was adopted to test PBO adhesion,
comparing in situ testing within controlled humidity and temperature environments with ex
situ testing following prolonged climatic aging. The key findings are reported below:

• Stoichiometric SiN exhibits about 10% higher initial adhesion to PBO than silicon-rich
SiN, despite the latter’s higher surface roughness.

• Oxygen plasma treatment improves adhesion by 13% on stoichiometric SiN and by
24% on silicon-rich SiN, attributed to the formation of a reactive silicon oxide layer
rich in silanol groups, which equalizes adhesion across substrates.

• CF4 plasma treatment enhances adhesion by approximately 8% on both substrate
types, primarily through surface cleaning rather than oxidation.

• In situ adhesion testing reveals a consistent adhesion loss of up to 25% with increasing
environmental dew point (up to 69 ◦C), underscoring the critical role of moisture in
interface degradation.
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• Ex situ aging shows that adhesion recovers fully after 2 days of exposure but suffers
a small, irreversible reduction of approximately 4% after 7 days, indicating time-
dependent degradation mechanisms ascribed to hygroscopic swelling.

In conclusion, this study highlights how the adhesion of a polymer film is influenced
by the choice and preparation of the substrate and how its behavior in critical environments
can be perceived differently depending on the type of adhesion analysis performed. The
results obtained by nanoindentation allowed the identification of substantial differences
between in situ and ex situ methods, demonstrating that aging treatments can lead to an
overestimation of the film’s adhesion due to its fast recovery properties.

In this context, the xSol-Humidity module permits direct probing of the interface
while it is immersed in the altered atmosphere, capturing the real temperature and relative
humidity of the ambient thanks to proper sensors placed within the small chamber contain-
ing the sample, whereas the climatic chamber separates exposure and testing and therefore
mainly reveals the small, irreversible modifications that remain after moisture desorption.
In situ testing is thus more representative of real operating conditions and well-suited to
ranking materials and surface treatments, whereas ex situ aging extends the accessible
T–RH range and retention times but tends to underestimate temporary degradation.

Future work could aim at combining and extending both approaches (longer in situ
dwells, tailored aging protocols) to gain further insights into the mechanisms behind re-
coverable and permanent loss of adhesion, or applying the methodology to other organic
passivation materials, to rank different materials used as organic passivation in micro-
electronics in terms of the moisture sensitivity of their adhesion performance. Estimating
the energy of adhesion corresponding to the measured critical loads is another relevant
future perspective, which would require finite element analysis of the experiment to match
experimental observables (e.g., load/displacement curves, extent of delaminated area).
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