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ABSTRACT: In the fabrication of microelectronic devices, polyimide (PI) is often patterned through plasma etching.
However, the relationship between its etching behavior and the precursor processing technology has not been
systematically revealed. In this paper, PMDA-ODA type PI was selected as the research object. For the first time, the
effects of two film-forming processes, freeze drying (FD) and thermal drying (TD), on the microstructure of PI films
and their O, plasma etching behavior were systematically compared. By means of scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), and water contact angle
testing, the intrinsic differences between the two types of films and the performance evolution rules during the etching
process were clarified. The results show that the surface of the FD-PI film exhibits discrete pore structure, while the
TD-PI film is characterized by a dense and non-porous structure. This structural difference leads to more significant
surface morphology evolution and chemical composition changes in FD-PI during the etching process. After plasma
treatment, polar oxygen-containing groups such as O=C-O were successfully introduced onto the surfaces of both types
of films. The content of these groups showed regular changes with the etching time, and the wettability of the films
processed by the two different technologies was characterized by a dynamic water contact angle measuring instrument.
This study reveals the internal mechanism by which the drying process affects the plasma etching behavior of PI films
by regulating their initial microstructure, providing important theoretical basis and process guidance for the precision
processing of high-performance PI films for advanced electronic devices.
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1 Introduction

Polyimide (PI) has emerged as one of the key materials in the fields of microelectronics and flexible
electronics, [1,2] owing to its exceptional thermal stability, mechanical properties, chemical inertness, and
dielectric characteristics [3]. It is widely employed in passivation layers of integrated circuits, flexible
substrates, stress-buffer coatings, and inter-layer dielectrics of multi-layer interconnect structures [4,5]. In
these applications, plasma etching technology is typically utilized to perform high-precision patterning on PI
films to achieve the functional structures of devices [6,7]. Therefore, a profound understanding and precise

control of the plasma etching behavior of PI are crucial for enhancing device performance and yield [8-10].
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However, the etching characteristics of PI are not solely determined by its chemical composition
[11-13]. Numerous studies have indicated that its final performance is strongly dependent on the synthesis
and curing processes of the precursor, polyamic acid (PAA) [14-17]. Among these processes, drying, as a
critical step in the transformation from PA A solution to solid PI film, directly influences the final microstruc-
ture of the film, such as molecular chain arrangement, free volume, and porosity [18-22]. The thermal drying
(TD) process, which is widely adopted in the industry, causes rapid solvent evaporation at high temperatures,
easily resulting in a dense and non-porous film structure [23-25]. In contrast, vacuum freeze drying (FD),
as an emerging physical film-forming technology, removes the solvent through sublimation, theoretically
better preserving the initial network structure of the PAA solution and thus enabling the preparation of PI
films with discrete pore characteristics [26-29].

The structural differences caused by different drying processes are bound to affect the diffusion,
adsorption, and reaction kinetics of plasma active species (such as radicals and ions) in the film, thereby
having a decisive impact on the etching rate, surface morphology evolution, and chemical composition
change [30-33]. Wei et al. [34] employed the freeze drying process, dispersing rGO and PAA in DMAc
(dimethylacetamide), freezing the mixture at —80°C for 12 h, and then removing DMAc through freeze
drying technology to obtain rGO/PAA films. Subsequently, the obtained films were thermally imidized to
form the final rGO/PI films. These PI composite films exhibit good flexibility, excellent thermal stability,
and high thermal conductivity. Ding et al. [35] investigated the preparation of porous polyimide (PI) aerogel
films through partial pre-imidization processes, combined with surface modification and solvent exchange,
using atmospheric drying and freeze drying, respectively. The study explored the regulatory effects of the pre-
imidization degree (pre-ID) on the pore structure, density, porosity, dielectric properties, and mechanical
properties of the films. It was ultimately confirmed that atmospheric drying can produce porous PI aerogel
films with both a low dielectric constant and excellent mechanical strength, providing a feasible solution
for their large-scale, low-cost applications. Wang et al. [36] studied the behavior of PI films treated with
atmospheric-pressure air plasma at different powers. They found that as the power increased, the surface
roughness and wettability of the films improved. High-energy particles in the plasma bombarded the PI
surface, breaking chemical bonds (such as C-N) and generating dangling bonds and active sites. These
sites reacted with oxygen in the air to form polar functional groups. Insufficient power led to a shortage
of active particles, while excessive power might cause over-etching and damage the formed functional
groups. However, as the etching power increased, the surface roughness increased accordingly, enhancing the
hydrophilicity of the PI film. Zhang and Ionov [37] used PAA as the base, dispersed silica particles of different
sizes, to form a stable dispersion liquid. Then, during the drying process, with the assistance of capillary force
and gravity, a three-layer structure film was formed: the top layer was a single layer of SiO, particles, the
middle layer was pure PAA, and the bottom layer was a PAA-SiO, composite; finally, by gradually heating and
imidization, PAA was converted into PI, and then with hydrofluoric acid (HF) etching, the SiO particles were
removed. Eventually, a “solid-porous” vertical gradient-distributed PI film was obtained. This PI film formed
after etching has reversible self-folding properties and is suitable for flexible actuators. Although previous
studies have separately explored the etching performance of PI or its preparation processes, there is still a
lack of a systematic and in-depth understanding of how the drying process directly affects the subsequent
plasma etching behavior of PI films by regulating their initial microstructures. This lack of research on the
correlation limits the ability to precisely control the downstream etching characteristics through upstream
process design.

As summarized in the literature review, existing studies have mainly focused on two aspects: (1)
exploring the plasma etching performance of PI films independently, without linking it to the upstream
precursor drying process; (2) investigating the preparation of porous PI films via freeze drying or thermal
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drying, but failing to systematically reveal how the initial microstructure regulated by drying processes affects
subsequent plasma etching behavior. In contrast, this study takes the classic PMDA-ODA type PI as a model
system and for the first time systematically compares the microstructure differences between FD-PI and
TD-PI films and their intrinsic correlation with O, plasma etching behavior. Unlike previous fragmented
research, this work clarifies the complete structure-property relationship linking the drying process, initial
microstructure, plasma etching behavior, and surface performance. This fills the gap in the field regarding
the correlation between upstream film-forming processes and downstream precision etching characteristics.
This unique perspective not only provides new theoretical insights into the plasma processing of PI films but
also offers practical process guidance for customizing PI film performance through upstream process design
in advanced electronic device applications.

2 Experiment
2.1 Materials

The PAA solution was prepared using the following industrial-grade raw materials: p-phenylene
terephthalic acid dianhydride (PMDA, purity 99.5%) as the di-anhydride monomer, 4,4’-diaminodiphenyl
ether (ODA) as the di-amine monomer, and N,N-dimethylacetamide (DMAc, purity > 99%) as the solvent.

2.2 Polyamide Acid Synthesis

ODA and PMDA monomers were first subjected to vacuum drying at 80°C. As shown in Fig. 1, the
PAA synthesis was carried out at 0°C: 2.50 g of ODA was dissolved in 44.8 g of DM A, and after complete
dissolution, 2.73 g of PMDA was gradually added and stirred for reaction to obtain the PAA solution.

PMDA ODA

Figure 1: Synthesis process of the polyamide acid (PAA).

2.3 Film Preparation

The PAA solution was coated onto the glass substrate using a vacuum heating knife-line rod integrated
coating machine (TBJ-X3-XB), with the wet film thickness controlled at 500 um. The curing and imidization
of the film were carried out using a stepwise heating procedure: heat treatment at 80°C, 120°C, 150°C, and
200°C for 30 min each, followed by treatment at 250°C for 1 h to obtain the thermally dried (TD-PI) film. The
vacuum frozen film was prepared by coating the PAA solution onto the glass substrate (wet film thickness
500 pm), and then the sample was pre-frozen at —80°C for 12 h and subsequently transferred to a vacuum
freeze drying machine (FTFDS Venus 2.5 L, —=55°C) for 36 h. Finally, the imidization of the sample was
completed in a vacuum drying box to obtain the vacuum frozen drying (FD-PI) film.

2.4 Plasma Treatment

All PI film samples (FD-PI and TD-PI) were subjected to oxygen plasma treatment using a reactive
ion etching machine. The etching parameters were fixed as follows: O, flow rate 1000 sccm, Ar flow rate
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500 sccm, chamber pressure 180 Pa, and RF power 800 W. To study the effect of time, the etching time was
set to 0 (control), 1, 5, and 10 min.

2.5 Characterization Techniques

The surface morphology of the films was characterized using a Thermo Fisher Verios 5 UC type ultra-
high resolution field emission scanning electron microscope. To enhance conductivity, all samples were
subjected to gold spraying treatment before testing. The surface roughness and topography of the films were
analyzed using a Bruker NanoWizard NanoOptics atomic force microscope operated in tapping mode. The
scanning area for all measurements was set to 5 um x 5 um. The elemental composition and chemical states of
the film surfaces were analyzed using a Thermo Scientific Escalab Xi+ XPS equipped with a monochromatic
Al Ka X-ray source (hv = 1486.6 e€V). Analysis was performed with a spot size of 650 pum, and charge
neutralization was achieved using a combination of low-energy electrons and magnetic lens mode to ensure
accurate analysis of the insulating PI films. The Cls peak at 284.8 eV was used as the standard for binding
energy calibration. The binding energies of relevant functional groups were set as follows: C-N around
285.5 eV, C-0O around 286.3 eV, C=0 around 288.1 eV, and COO around 289.1 eV. The full width at half
maximum (FWHM) of all fitted peaks was constrained within 1.0-1.4 eV,and peaks of the same functional
group in different samples maintained consistent FWHM ranges to avoid arbitrary fitting. Similarly, the Ols
peak was centered around 532.0 eV, and the N1s peak was centered around 400.0 eV for charge calibration
consistency. The spectra were deconvoluted using Avantage analysis software to quantitatively analyze the
types and content changes of surface functional groups. The pore size of the freeze-dried microstructure was
analyzed using Image]J software. The chemical structure and imidization degree of the films were confirmed
using the attenuated total reflection (ATR) mode of a GD FTIR-850 Fourier transform infrared spectrometer.
The wetting properties of the film surfaces were evaluated at room temperature using the sessile drop
method with a Dataphysics dynamic contact angle measurement instrument. A deionized water droplet
volume of 0.06 mL was used for all measurements. The droplet morphology was captured in real-time by
the instrument’s built-in image analysis system, and the contact angle value was accurately calculated to
quantify differences in surface hydrophobicity and to evaluate the regulation effect of plasma etching on
wetting properties. To clarify the regulatory effect of O, plasma etching time on the mechanical behavior
of PI films prepared by different drying processes, tensile tests were conducted using a 100 kN electronic
universal testing machine. Prior to testing, all PI film samples were uniformly cut into dimensions of
100 mm x 20 mm to ensure consistent stress distribution during stretching. The tensile test was performed
at a constant speed of 5 mm/min.

3 Result and Discussion
3.1 Testing the Drying Effect of Polyimide Films

Fourier transform infrared spectroscopy (FTIR) was employed to analyze PI films subjected to thermal
drying and freeze drying. In Fig. 2, the characteristic absorption peaks at 1776 cm™, attributed to the
asymmetric stretching vibration of C=0, and at 1722 cm™!, corresponding to the symmetric stretching
vibration of C=0, were both quite prominent [38]. Meanwhile, the characteristic signals at 1374 cm™ !,
originating from the vibration of the C-N bond in the imide ring, and at 724 cm™', belonging to the bending
vibration of C=0 in the imide ring, were also clearly distinguishable, indicating that the PI samples had
been thoroughly dried [39]. Additionally, no obvious and sharp absorption peak corresponding to the C=O
stretching vibration in the DM Ac solvent was observed around 1664 cm™! in the spectra, suggesting that there

was no residual solvent in the dried samples and the drying process had been completely accomplished [40].
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Figure 2: The FTIR spectrum of the PI film after drying (the purple line represents PAA, the blue line represents FD-PI,
and the orange line represents TD-PI).

3.2 The Effect of Plasma Treatment Time on the Surface Morphology of Polyimide Films

The initial surface microstructures of PI films prepared by FD-PI and TD-PI were characterized using
an ultra-high-resolution field-emission SEM. The morphological changes after O, plasma etching of both
types of films were compared to reveal the regulatory mechanism of the drying process on the microstructure
and etching effect of the films. Figs. 3 and 4 respectively present the SEM images of TD-PI and FD-PL
Before plasma etching, the surface morphologies of the two types of films showed significant differences,
with the core difference being the pore characteristics: the surface of TD-PI film was uniform and smooth,
with a dense structure, and no obvious pores or protrusions were observed even under a high-magnification
microscope (x5000); the morphology was also dense and uniform, and the percentage of cavities was less
than 0.5% (calculated by Image] software analyzing SEM images), having no significant impact on the
overall structural density. This structure originated from the stepwise heating process of thermal drying
(80°C-250°C): high temperatures caused the solvent (DMACc) to rapidly vaporize and escape, and the PAA
molecular chains rapidly aggregated and closely packed during the solvent evaporation process. The solvent
evaporation path was short and there was insufficient space to form stable pores, ultimately solidifying
into a dense solid-state PI film. The FD-PI film does not form a continuous porous network, but exhibits
‘locally dispersed discrete nanopores’. These non-interconnected nanopores enhance plasma etching effects
through two key mechanisms: first, they significantly increase the effective reaction surface area accessible
to plasma; second, they provide abundant reaction sites at pore edges and walls. This eliminates the need
for interconnected channels to achieve effective etching, as the expanded reaction interface and enriched
active sites directly promote the interaction between plasma species and the film. The formed pores were
micrometer-sized, with an average pore diameter of 135 nm, and the overall porosity was approximately 8.7%,
which was higher than that of TD-PI (0.5%), but far from the characteristic of a porous network structure.
This structure is related to the “solvent sublimation” mechanism of freeze drying. During the —80°C pre-
freezing process, the solvent in the PAA solution rapidly solidified into ice crystals. However, the growth of
ice crystals was affected by inhomogeneous local concentration and temperature distribution, failing to form
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a uniform continuous ice crystal template. Subsequent vacuum sublimation of ice crystals only generated
discrete pores in the ice crystal distribution area, leading to uneven pore distribution and no interconnection
on the film surface.

WD HV cur  mag ® mode HFW
TLD 4.0mm 200kV 13pA 5000x SE  25.4pm

de | HFW
25.4 ym

Figure 3: SEM images of TD-PI at different treatment times: (a) pristine film (b) 1 min (c) 5 min (d) 10 min.

In terms of structural stability after etching: neither of the two types of films showed significant
structural damage. TD-PI maintained its overall dense feature, and the discrete pore structure of FD-PI also
did not collapse, still retaining a certain degree of surface structural diversity, which provides a structural
basis for subsequent interface functional adaptation.

In conclusion, although the PI films prepared by freeze drying did not form a uniform porous network
structure, compared to the completely dense films obtained by thermal drying, the surface-dispersed discrete
pores of FD-PI significantly increased the effective reaction surface area accessible to plasma and provided
abundant reaction sites. These two effects together enhanced the interaction efficiency between plasma active
particles and the film, enabling FD-PI to exhibit higher etching rates and more uniform etching effects.
This outcome, from the perspective of microscopic morphology, confirms that the drying process directly
affects the interaction efficiency between active particles and the film during plasma etching by regulating
the initial pore characteristics of the films, and ultimately determines the etching effect. This provides a key
experimental basis for optimizing the PI film coating process for high-precision processing requirements.
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Figure 4: SEM images of FD-PI at different treatment times: (a) pristine film (b) 1 min (¢) 5 min (d) 10 min.

3.3 The Effect of Plasma Treatment Time on the Surface Roughness of Polyimide Films

To quantitatively evaluate the influence of plasma etching duration on the surface roughness of PI
films, AFM was used to test the arithmetic mean roughness (Ra) and root mean square roughness (Rq) of
FD-PI and TD-PI films before and after plasma treatment. Figs. 5 and 6 show the AFM images of TD-PI
and FD-PI films, respectively, while the AFM 3D images are shown in Figs. S1 and S2 of the supporting
documents, respectively.
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Figure 5: (Continued)
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Figure 6: AFM images of FD-PI at different treatment times: (a) pristine film (b) 1 min (c) 5 min (d) 10 min.

The surface roughness data of both films under different plasma treatment times are shown in Table 1.

Before plasma etching (treatment time = 0 min), the initial surface roughness of the two films already showed
obvious differences. The TD-PI film exhibited lower initial roughness: its Ra was 0.407 nm and Rq was

0.969 nm, indicating a smooth and flat surface. In contrast, the FD-PI film, which has a locally dispersed
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discrete pore structure, had higher initial roughness (Ra = 0.707 nm, Rq = 1.123 nm). This difference is directly
attributed to the discrete pores distributed on the surface of FD-PI, which cause slight undulations in the
film surface, consistent with the microstructure characteristics observed by SEM.

Table 1: Effect of plasma treatment times on the surface roughness of different PI films.

Etching Time (min) Ra (nm) Rq (nm)

TD-PI 0 0.407 0.969
TD-PI 1 0.527 1.036
TD-PI 5 2.920 4.038
TD-PI 10 3.98 6.147
FD-PI 0 0.707 1.123
FD-PI 1 1.044 2.034
FD-PI 5 2.975 3.882
FD-PI 10 5.60 743

With the extension of plasma treatment time, the surface roughness of both FD-PI and TD-PI films
showed a continuous increasing trend, but the growth rate and final roughness value differed significantly.
After 1 min of etching, the Ra and Rq of TD-PI increased slightly to 0.527 and 1.036 nm, respectively, while
those of FD-PI increased more obviously to 1.044 and 2.034 nm. When the etching time was extended to
5 min, the roughness of both films increased further: TD-PI's Ra and Rq reached 2.920 and 4.038 nm, and
FD-PT’s Ra and Rq were 2.975 and 3.882 nm. After 10 min of etching, the surface roughness of both films
reached the highest level in the test: TD-PI’'s Rq was 6.147 nm, while FD-PI’s Rq reached 7.43 nm, which was
1.21 times that of TD-PI.

The different roughness evolution trends between the two films are closely related to their initial
microstructures and etching behaviors. For TD-PI, the dense structure blocks the penetration of plasma
active particles, resulting in mild and uneven etching on the surface, so the roughness increases slowly.
For FD-PI, the discrete pores significantly increase the effective reaction surface area accessible to plasma
and provide additional reaction sites for active particles, enabling more sufficient and uniform etching on
the surface.

In summary, plasma treatment time is a key factor regulating the surface roughness of PI films, and the
initial microstructure determined by the drying process significantly affects the roughness evolution law. The
FD-PI film, with its discrete pore structure, exhibits a more sensitive roughness response to plasma etching,
while the TD-PI film with a dense structure shows a relatively gentle roughness change. This quantitative
roughness data not only supplements the morphological observation results of SEM but also provides a
precise reference for optimizing the surface topography of PI films through plasma treatment for specific
application scenarios.

3.4 The Effect of Plasma Treatment Time on the Functional Groups of Polyimide Films

Through XPS analysis, the regulatory effect of plasma treatment on the Cls chemical bond states of the
surfaces of two different PI films was systematically investigated. The Cls split peak spectra of the original
films prepared by two drying methods and the films after plasma treatment for different durations are
presented in the Fig. 7. The results show that plasma treatment significantly altered the composition and
relative intensities of the chemical bonds on the surfaces of the two types of films through the interaction
between active particles and the film surfaces, successfully introducing new polar oxygen-containing
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groups—among which the O=C-O group was mainly attributed to carboxyl groups (-COOH). This is
because high-energy active oxygen species in the plasma first break the C-C and C-N bonds on the PI surface
to generate dangling bonds, and then these active sites further react with oxygen to form stable -COOH
groups. The content of these groups changed regularly with the treatment time, and both the drying method
and treatment parameters jointly influenced the reconstruction effect of the surface chemical structure.
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Figure 7: Cls spectra of the PI membrane surface before and after plasma treatment at different times: (a) pristine
TD-PI (b) Imin TD-PI (¢) 5min TD-PI (d) 10min TD-PI (e) pristine FD-PI (f) 1min FD-PI (g) 5min FD-PI (h) 10min
FD-PIL

The surfaces of the pristine FD-PI film and the pristine TD-PI were mainly composed of four chemical
bonds: C-C, C-N, C-0, and C=0. The relative contents of each group in the pristine thermally dried film
were 45.14%, 33.47%, 8.66%, and 12.73%, respectively, while those in the pristine freeze-dried film were
38.77%, 32.16%, 14.74%, and 14.33%, respectively. No O=C-O group was detected on the surfaces of both
types of pristine films, indicating that without plasma treatment, regardless of the drying process used,
the surface chemical composition of the PI films was relatively stable, the overall proportion of oxygen-
containing groups was relatively low, and the freeze drying treatment did not cause any fundamental
differences in the types of surface chemical bonds, but merely provided a basic chemical matrix for
subsequent plasma treatment.

After 1 min of plasma treatment, significant chemical bond reconstruction occurred on the surfaces of
both types of films, with the changes in the thermally dried film being particularly obvious: the contents of
the C-C and C-N groups decreased significantly. Compared with the original state, the content of the C-C
group decreased by 11.94%, and the content of the C-N group decreased by 4.22%. Meanwhile, the contents
of the C-O and C=0 groups increased by 6.08% and 1.84%, respectively. At the same time, due to the reaction
between the active oxygen particles in the plasma and the film surfaces, a new O=C-O group appeared on
the surfaces of both types of films for the first time, with a relative content of 8.24% in the thermally dried
film, confirming that plasma treatment can effectively break the chemical equilibrium of the original films
and introduce oxygen-containing polar groups to the surfaces of the films treated by both drying processes.

When the treatment time was extended to 5 min, the contents of the C-C and C-N groups on the
surfaces of both types of films further decreased. Compared with the original state, the C-C group decreased
by 15.9% and 12.56% in the thermally dried film and the freeze-dried film, respectively, and the C-N group
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decreased by 5.22% and 3.92%, respectively, indicating that the high-energy effect of the plasma continuously
broke the surface C-C and C-N bonds, forming surface dangling bonds and providing active sites for
subsequent oxidation reactions. At this time, the proportions of the O=C-O group in the films prepared
by the two different drying methods reached their peaks, being 13.69% and 16.24%, respectively. The fitting
results of the Cls spectrum of the freeze-dried film (5 min (FD)) also showed a similar trend, with the
contents of other oxygen-containing groups increasing synchronously, indicating that at this treatment time,
the oxidation reaction between the plasma and the surfaces of both types of films was the most sufficient,
the generation efficiency of the oxygen-containing functional groups reached the optimum, and the freeze
drying pretreatment method did not hinder the generation of oxygen-containing groups.

It is worth noting that when the treatment time was extended to 10 min, the contents of the O=C-O
group in both types of films did not increase further, but instead showed an inflection point. The contents
of the C-N group in both types of films continued to decrease, confirming that the bond breaking around
285.5 eV was still ongoing. The contents of the C=O group increased by 3.42% and 1.24%, respectively,
compared with the original films, while the contents of the newly formed O=C-0O group decreased to 6.12%
and 6.14%, respectively. This phenomenon was due to the excessive etching of the surfaces of both types
of films by the high-energy plasma caused by the prolonged treatment time, which not only destroyed
some of the formed oxygen-containing functional groups but also caused the etching and decomposition
of the groups, and this excessive etching effect was consistent on the surfaces of the films prepared by both
drying methods.

Fig. 8 and Table 2 systematically record the effects of O, plasma etching time (0, 1, 5, and 10 min) on
the relative contents of C, O, and N elements and the atomic ratios of O/C and N/C on the surfaces of two
types of PI films: TD-PI and FD-PI. The regulation of O, plasma etching on the surface elements of PI films
exhibits a distinct time dependence. Within 5 min, the process is dominated by oxidation reactions, which
can effectively increase the surface oxygen content and oxidation degree. Beyond 5 min, the system enters
an over-etching stage, leading to the loss of oxygen-containing groups and reverse changes in elemental
composition. The initial microstructure of the films is the key factor governing the differences in elemental
evolution: the discrete pore structure of FD-PI enhances oxidation efficiency while exacerbating nitrogen
loss and the impact of over-etching, whereas the dense structure of TD-PI results in more moderate changes
in elemental composition. Furthermore, the O/C atomic ratio reaches its peak at 5 min, which is consistent
with the maximum content of O=C-O groups observed in XPS analysis. This finding further confirms that
5 min is the optimal etching time for achieving efficient surface oxidation of both types of PI films.
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Figure 8: Full spectra of the PI membrane surface before and after plasma treatment at different times: (a) TD-PI,
(b) FD-PL
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Table 2: Effect of plasma treatment times on the relative elemental content of different PI films surface.

Chemical Composition (%) Atomic Ratio (%)
C (0) N 0/C N/C
Pristine TD-PI film 76.14 15.63 8.23 20.53 10.81
1 min TD-PI film 68.77 22.02 9.21 32.02 13.39
5 min TD-PI film 62.54 27.31 10.15 43.67 16.23
10 min TD-PI film 68.22 22.98 8.8 33.69 12.9
Pristine FD-PI film 75.58 15.88 8.54 21.01 11.3
1 min FD-PI film 65.53 25.61 8.86 39.08 13.52
5 min FD-PI film 60.92 30.11 8.97 49.42 14.72
10 min FD-PI film 68.18 25.37 6.45 37.21 9.46

3.5 The Effect of Plasma Etching on the Wettability of Polyimide Films

Surface hydrophilicity is a core indicator reflecting the surface energy and chemical state of materials,
directly influencing the interfacial bonding performance between PI films and other functional layers in
microelectronic devices and the adaptability for subsequent processing. The results are shown in Figs. 9-11.
Before etching, both types of original PI films exhibited hydrophobic characteristics, but there were
significant differences in their wettability: the initial water contact angle of the TD-PI film prepared by the
thermal drying process was 73.8°, which conformed to the typical hydrophobic characteristics of dense PI
films with low surface energy; while the initial water contact angle of the FD-PI film prepared by freeze
drying was 69.7°, 4.1° lower than that of the TD-PI film.

(a) (b)

Figure 9: Image of water contact angle of TD-PI film: (a) pristine film (b) 1 min (c) 5 min (d) 10 min.
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(a) (b)

Figure 10: Image of water contact angle of FD-PI film: (a) pristine film (b) 1 min (c) 5 min (d) 10 min.
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Figure 11: Variation in water contact angle of TD-PI and FD-PI as a function of etching time.

After O, plasma etching treatment, the water contact angles of both types of PI films decreased
significantly, and with the extension of the etching time, the surface wettability continued to improve:
after 1 min of etching, the water contact angles of the TD-PI and FD-PI films decreased to 56.7° and
51.5°, respectively, initially achieving the transformation from hydrophobic to hydrophilic; when the etching
time was extended to 5 min, their contact angles further decreased to 45.5° (TD-PI) and 38.1° (FD-PI),
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respectively. After the etching time reached 10 min, the water contact angles of the two types of films
tended to be stable, being 38.5° (TD-PI) and 25.2° (FD-PI), respectively, both showing excellent hydrophilic
performance, and the wettability optimization effect of the FD-PI film was always better than that of the
TD-PI film. This fundamental change in wettability can be explained by the “chemical-physical synergistic
effect” mechanism: (1) Chemical factors dominate the improvement of hydrophilicity: During the plasma
etching process, high-energy active oxygen particles react with the chemical bonds (C-C, C-N) on the PI
surface to generate a large number of hydrophilic oxygen-containing polar groups (such as -COOH, -OH).
This directly corresponds to the result of “the appearance of the O=C-O group and its content first increases
and then stabilizes with the etching time” in the XPS analysis-the introduction of oxygen-containing groups
significantly enhances the surface polarity and surface energy, providing a chemical driving force for the
spreading of water molecules; (2) Physical factors enhance the wettability effect: Table | presents the surface
roughness of different PI films measured by atomic force microscopy. As the etching time continues to
increase, the surface of the PI film becomes increasingly rough. The surface roughening caused by etching
further enhances the hydrophilicity. It is worth noting that the contact angle of the FD-PI film always
decreases faster than that of the TD-PI film, and the final contact angle is lower under the same etching time:
the contact angle difference was 5.2° after 1 min of etching, and the difference expanded to 7.4° after 5 min
of etching, and stabilized at 13.3° after 10 min of etching. The core reason for this phenomenon lies in the
discrete pore structure of FD-PI. These discrete pores provide more abundant reaction interfaces for plasma
active species, enabling “synchronous modification of the surface and the interior” at the initial etching stage.
This avoids the limitation of “preferential surface etching and delayed internal modification” in the dense TD-
PI structure, ultimately achieving more efficient and in-depth hydrophilicity regulation. This result further
verifies from the perspective of wettability the core conclusion that the drying process determines the plasma
treatment effect by regulating the initial microstructure of the PI film, providing an experimental basis for
customizing the interface performance of PI films through the film-forming process in the future.

3.6 The Effect of Plasma Treatment Time on the Mechanical Properties of Polyimide Films

The mechanical properties of TD-PI and FD-PI films before and after O, plasma etching were evaluated
through tensile testing, with the results presented in Figs. 12 and 13, respectively. The tensile strength and
strain at break were extracted to assess the impact of etching duration on film integrity and durability.

For TD-PI films, the pristine sample exhibited a tensile strength of approximately 129.96 MPa and a
strain at break of about 57%. After 1 min of plasma treatment, the strength decreased slightly to 125.11 MPa,
while the strain remained largely unchanged. Prolonged etching to 5 and 10 min led to further reductions
in strength, reaching 107.26 and 103.42 MPa, respectively. The strain at break also showed a gradual decline,
indicating increased brittleness with extended plasma exposure. The degradation in mechanical performance
is attributed to surface and near-surface modification by plasma species, which introduces defects, breaks
polymer chains, and reduces structural continuity.

The FD-PI films exhibited a similar trend to TD-PI, with both tensile strength and elongation at
break gradually decreased as plasma treatment time increased. However, at the same treatment duration, all
mechanical performance metrics of FD-PI were lower than those of TD-PI. This performance discrepancy
is primarily attributed to the unique surface-discrete micropore structure of FD-PI films. These discrete
micropores inherently act as localized structural defects, which to some extent reduce the intrinsic strength
of the material. During plasma treatment, such micropore structures provide additional pathways for active
species to penetrate and react, leading to more extensive structural damage on and near the surface of the
material, thereby exacerbating the loss of mechanical properties.
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Figure 12: Stress-strain diagram of TD-PI: (a) pristine film (b) 1 min TD-PI (¢) 5 min TD-PI (d) 10 min TD-PL
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Figure 13: Stress-strain diagram of FD-PI: (a) pristine film (b) 1 min FD-PI (¢) 5 min FD-PI (d) 10 min FD-PI.

Plasma treatment time significantly regulates the mechanical properties of PI films. The dense TD-PI
film exhibits better mechanical stability during etching, while the FD-PI film, despite more significant prop-
erty degradation, maintains acceptable mechanical performance for practical applications. For advanced
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electronic device manufacturing, selecting the appropriate drying process and plasma etching time can
achieve a balance between surface functionality and mechanical reliability.

4 Conclusion

This study systematically reveals the intrinsic mechanism by which the drying process of the PAA
significantly affects the O, plasma etching behavior and final surface properties of PI films through the
regulation of their initial microstructures. The research indicates that the FD process successfully introduced
a discrete pore structure with uneven distribution, while the TD process forms a dense and non-porous film.
This difference in the initial structure is the core reason for the subsequent distinct etching behaviors. During
the O, plasma etching process, the pores in the FD-PI film provide reaction sites for active species, resulting
in a higher etching rate, a more uniform etching morphology, and a more effective bulk modification ability
compared to the TD-PI film. Surface chemical analysis confirms that plasma treatment can successfully
introduce oxygen-containing polar groups such as O=C-O on the surfaces of both types of films. The content
of these groups first increases and then decreased with the treatment time, reaching an optimum at 5 min.
However, an excessively long treatment time (10 min) leads to over-etching, causing the decomposition of
some oxygen-containing functional groups. The results of the wettability test are highly consistent with the
abovementioned structural and chemical evolution patterns: the FD-PI film exhibits a better improvement
in hydrophilicity than the TD-PI film during all etching periods. Notably, regulating the plasma etching time
enables an optimal balance between the retention of mechanical reliability and the enhancement of surface
wettability, catering to the practical application requirements of advanced electronic devices. In summary,
this study clarifies the complete structure-property relationship among “drying process-microstructure-
etching behavior-surface property”. The conclusion clearly points out that the initial microstructure of
PI films can be effectively customized through the upstream film-forming process design, providing a
new approach and a solid theoretical basis for the on-demand regulation of the downstream plasma
precision processing performance. This has important guiding significance for promoting the application of
high-performance PI films in advanced electronic devices.
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