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Herein, an ultra-low dielectric porous polyimide (PPl) composite film was fabricated by non-solvent
induced phase separation (NIPS). High-performance carbon nitride grafted by
heptadecafluoro-1,1,2,2-tetradecyl-trimethoxysilane (CNNF) were incorporated into the PPl film to

nanosheets

enhance thermomechanical and hydrophobic properties. The effects of non-solvent and filler content
on the porous morphology, dielectric properties, hydrophobicity and thermomechanical properties of
films were investigated. The porous morphology of the CNNF/PPI film changed from the coexistence of
pipe-like and spongy structure via H,O, to a tightly-stacked porous structure via MeOH as non-solvent.
The dielectric constants ¢ of 0.5 wt%-CNNF/PPI(H,O) and 0.5 wt%-CNNF/PPI(MeOH) were 1.56 and
1.69 at 1 MHz, respectively, which were ~50% lower than that of the original PI film (¢/ = 3.33). With the
introduction of CNNF, the water contact angle (WCA) of CNNF/PPI(H,0) increased from 66° to 107° and
that of CNNF/PPI(MeOH) increased from 92° to 120°. Simultaneously, the storage modulus E’ of 2 wt%-
CNNF/PPI(MeOH) reached its highest value of ~881 MPa, which was ~350 MPa higher than that of
PPI(MeOH), together with an enhancement in Tg. This method confirmed a promising prospect for the
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1. Introduction

With the rapid growth of the 5G/6G era and miniaturization of
electronic devices, materials with an ultra-low dielectric
constant have become increasingly in demand in recent years.
These devices are the most cost-effective way to minimize
crosstalk, solve signal transmission delay, and promote the
development of high-frequency devices and communication
modules.*™

High-performance insulating polymer materials, such as
polyimide (PI), have attracted wide attention in the microelec-
tronics industry, due to its outstanding mechanical properties,
high breakdown strength, excellent thermal stability and low
moisture absorption.>® Nevertheless, the relatively high dielec-
tric constant of PI (¢ ~3.3-3.5) restricts its further application as
a dielectric layer material in “high-speed” integrated circuits.
Thus, efforts to develop PI substrates with an ultra-low dielectric
constant have become the focus of attention in the field of
integrated circuits and micro-devices over the past few years.*™*>

In general, there are two principles for lowering the dielectric
constant: reduction of the dipole strength and reduction of the
number of dipoles.*® Based on previous research, there are three
efficient ways to achieve PI films with a low dielectric constant
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utilization of porous Pl substrates in integrated circuits and microelectronic devices.

or dielectric loss: design of the chemical structure by adding
groups with large free volume or strongly polar fluorine
elements;* the introduction of an air-porous structure into the
polymer matrix since air is the substance with the lowest
dielectric constant of 1.0;*'* blending with fluorine-containing
fillers, such as fluorographene'*™ or fluorinated ethylene
propylene (FEP) nanoparticles.”*** The design of the chemical
structure is usually very costly and causes a decrease in the glass
transition temperature (T,) of PL The latter two ways are
currently identified as being more practical approaches to
obtain PI substrates with a low dielectric constant. Chen et al.**
proposed a new method for synthesizing fluorine-containing
graphene oxide, which improved the dielectric property (¢ =
2.34) and mechanical properties of PI composites.

Porous polymer films have been prepared by various
methods, such as the use of foaming agents, the pyrolysis
foaming method, chemical dissolution of block domains of the
copolymer, and the non-solvent induced phase separation
(NIPS) method.**?¢ As a flexible method, NIPS has been
commonly utilized to fabricate various porous polymer films.
Khim et al.*” fabricated a hierarchically porous PI film by NIPS
and grafted PI onto amino-functionalized mesoporous silica
(AMS) to further regulate the thermal stability and dielectric
constant (¢/ = 1.84). The interactions among polymer, solvent,
and non-solvent play an important role in controlling the
diffusive and exchange status, leading to changeable porous
morphologies. However, the porous structure might inevitably

© 2024 The Author(s). Published by the Royal Society of Chemistry
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be detrimental to hydrophobicity, mechanical properties and
thermal stability. Thus, finding a balance between multiple
properties is a challenge for the fabrication of porous PI films.

In this study, a facile NIPS method was employed to fabricate
porous precursor films with interconnected pores using
different solvents as a coagulation bath, followed by thermal
imidization. Two-dimensional graphite nitride carbon (g-C3N,),
as a high-performance electrical-insulated filler, was used to
reinforce the porous structure and retain the thermomechan-
ical properties of the polymer matrix.>**" Additionally, g-C3N,
was exfoliated on the basis of a surfactant-assisted liquid exfo-
liation method* and further grafted with heptadecafluoro-
1,1,2,2-tetradecyl-trimethoxysilane (FAS) to improve the hydro-
phobicity property. This would lead to reliable ultra-low
dielectric  performance under extreme environmental
conditions.

2. Experimental
2.1 Materials

2-C3N, powder was purchased from XFNANO Materials Tech
Co., Ltd, China. 4,4"-oxydianiline (ODA) and 4,4’-oxydiphthalic
anhydride (ODPA) were provided by Shanghai Synthetic Resin
Co., Ltd, China. Triammonium phosphate trihydrate ((NH,);-
PO,-3H,0), sodium hydroxide (NaOH), 1-methyl-2-pyrrolidone
(NMP), ethanol and methanol (MeOH) were supplied by
Shanghai Titan Scientific Co., Ltd. FAS was obtained from
SHANG FLUORO Tech Co., Ltd, China.

2.2 Exfoliation and amino-functionalization of g-C;N,

The exfoliation and amino-functionalization of g-C;N, nano-
sheets (CNNS) was carried out by a ball-milling method, which
is illustrated in Scheme 1. First, g-C3N, powder was mixed
sufficiently with a mixture of (NH,);PO,-3H,O and NaOH
(where the weight ratio of (NH,);PO,-3H,0, NaOH, and g-C3N,
was 16.9:20:1). Then, the mixture was ball-milled with
zirconia balls under a revolution speed of 640 rpm for 12 h. The
mixed powders were then dispersed in deionized water,
magnetically stirred for 1 h and further ultrasonicated for 12 h.
The obtained products were repeatedly washed with deionized
water to get rid of free (NH,);PO,-3H,0 and NaOH until the pH
of the supernatant was neutral. The resulting suspension was
centrifuged at 3000 rpm three times to remove unexfoliated g-
C;3;N,. Afterward, exfoliated CNNS were collected.
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2.3 Preparation of FAS-grafted carbon nitride nanosheets
(CNNF)

First, 0.2 g of CNNS powder was ultrasonically dissolved in
ethanol for 30 min, followed by 0.6 g of FAS and 2 mL of
deionized water, then backflowed at 80 °C for 2 h. The obtained
product was washed with ethanol several times to remove free
FAS. Centrifugation and freeze drying were used to collect
resulting CNNF.

2.4 Synthesis process of CNNF/polyamic acid

First, a certain amount of CNNF was dispersed in 100 g of NMP.
Then, 29.36 mmol of ODA (5.88 g) was dissolved in the above
solution and stirred for 30 min under a dry nitrogen atmo-
sphere. Next, 29.40 mmol of ODPA (9.12 g) was added in
portions. Then, the solution was kept at 0 °C and stirred
vigorously for 6 h. Finally, a homogeneous CNNF/polyamic acid
(CNNF/PAA) precursor solution was obtained.

2.5 Preparation of CNNF/PI and CNNF/PPI films

CNNF/PI non-porous film was obtained by a solution-casting
process. The CNNF/PAA precursor solution was first caste on
a clean glass plate with a scraper to form a CNNF/PAA wet film,
followed by drying in a vacuum environment with a stepwise
heating procedure. Then, the CNNF/PI non-porous film was
obtained by thermal imidization at 200 °C and 300 °C for 1 h
each.

CNNE/PPI porous film was prepared by the NIPS method,
the process of which is illustrated in Scheme 2. First, the
CNNEF/PAA precursor was uniformly coated on a clean glass
plate with a scraper to form a CNNF/PAA wet film. Then, the
wet film was soaked in deionized water (H,O) or MeOH as
a coagulation bath for sufficient exchange to form a porous
CNNEF/PAA film. The porous film was peeled off from the glass
plate and dried in a vacuum environment with a stepwise
heating procedure (thermal imidization at 200 °C and 300 °C
for 1 h each). Herein, PPI porous films generated by H,O or
MeOH as the coagulation bath are denoted CNNF/PPI(H,0)
and CNNF/PPI(MeOH).

2.6 Characterization

Fourier transform infrared spectroscopy (FTIR, Thermo Fisher,
Nicolet AVATAR 370, USA) was employed to characterize the
modification of fillers. X-ray diffraction (XRD, Bruker D2

@ Na:0H

Scheme 1 Schematic illustration of exfoliation and amino-functionalization of g-CzNg.
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Scheme 2 Schematic illustration of the fabrication process of the CNNF/PPI porous films.

PHASER, Germany) was used to characterize the crystallization
peaks of original g-C;N, and exfoliated CNNS. X-ray photo-
electron spectroscopy (XPS, Thermo Fisher, ESCALAB Xi+, USA)
was performed to qualitatively characterize the bonding energy
of the surface of CNNF. The morphologies of the top and cross-
sectional surfaces of CNNF/PI composite films were observed by
scanning electron microscopy (SEM, Hitachi S-3400, Japan).
Porous films were fractured in liquid nitrogen and sputter-
coated with gold. The dielectric properties were measured by
an impedance analyzer (Julang Technology, TZDM-200-300,
China) within a frequency range of 50-10° Hz at normal
temperature. Contact angle measurement (JC2000D, China) was
used to evaluate the hydrophobic properties. The dynamic
mechanical properties were measured by dynamic mechanical
analysis (DMA, TA Q800, USA) in film tension mode with

a heating rate of 5 °C min ™",

3. Results and discussion
3.1 Characterization of CNNS and CNNF

Exfoliated CNNS and CNNF were characterized by FTIR, and the
results are shown in Fig. 1a. The band at 810 cm ™" corresponds
to the out-of-plane bending of triazine molecules, whereas the
peaks at 1626 cm™ ' and 1397 cm ! are ascribed to the tensile
vibration peak of aromatic C-N. Furthermore, the peaks at
1313 cm™ ' and 1230 cm™ " are related to C-N (-C)-C or C-NH-C.
Besides, the range from 3000 cm ™" to 3500 cm ™" corresponds to
the stretching vibration peaks of -NH, and -OH.*®

The presence of these characteristic peaks indicates that the
chemical structure of CNNS remains consistent after the graft-
ing of FAS. It is noteworthy that three new characteristic peaks
appear in the spectrum of CNNF. The peaks at 1150 cm™ " and
1208 cm ™' are attributed to the stretching vibration band of
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Fig. 1 (a) FTIR spectra of CNNS and CNNF. (b) XRD patterns of CNNS and CNNF.
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covalent C-F. The peak at 1074 cm ' originates from the
stretching vibration peak of Si-O-C. The above peaks represent
the unique chemical structures of FAS and prove the successful
grafting of FAS on the surface of CNNS.

XRD patterns of CNNS and CNNF samples are given in
Fig. 1b. A strong peak at 27.7° is indexed as the (002) crystal face
of a graphite-like layer stack structure, representing the accu-
mulation of conjugated aromatic rings. Compared with CNNS,
the diffraction peak intensity of CNNF at 27.7° is further
reduced, indicating a reduction in thickness of the interplanar
stacking. The peak at 13.0° is indexed as the (100) crystal face of
the in-plane repeating structural unit of graphite, which
changes from a sharp peak to a wide and steamed dumpling
peak, due to the overlapping of FAS.**

The chemical structure of the CNNF surface was probed by
XPS, and the results are shown in Fig. 2. As shown in Fig. 2b, the
peaks of C-Si (283.2 eV), C-C (284.0 eV), C-O-Si (284.9 eV), C-O/
C-N (286.6 €V), C=N (287.4 eV), CF, (290.4 ¢V) and CF; (292.6
eV) can clearly be observed in the C1s spectrum. Fig. 2c shows
the detailed F1s XPS spectrum at around 690 eV, which can be
fitted into two peaks corresponding to -CF; (689.49 eV) and -
CF, (688.68 eV), respectively. This confirms FAS grafted on the
surface of carbon nitride. Furthermore, two peaks at 103.1 eV
and 104.4 eV in the Si2p spectrum (Fig. 2d) are assigned to Si-C

RSC Advances

and Si-O-C, respectively. To sum up, the surface of CNNS was
actually grafted by FAS.

3.2 Morphology and structure of the composite films

SEM images of the cross-section and top surface of the PI and
PPI films are illustrated in Fig. 3. As can be seen from Fig. 3a-
¢, the cross-section and top surface of PI film are uniform and
smooth. In Fig. 3d-i, the cross-section and top surface of
PPI(H,0) and PPI(MeOH) films via NIPS show a porous
structure with different characters. The microstructures of the
PPI films induced by two coagulation baths apparently differ
from each other. The cross-section of the PPI(H,O) film
displays the coexistence of large pipe-like pores (average size
>100 pm) throughout the vertical cross-section and a sponge-
like micropore structure (average size ~1-3 pm) on the shell
of the pipe, shown magnified in Fig. 3e. Nevertheless,
a tightly-stacked porous structure (average size ~10-30 pum) is
shown in the cross-section of the PPI(MeOH) film, shown
magnified in Fig. 3h. The results indicate that the porous
morphology depends on the affinity between solvent (NMP)
and non-solvent (coagulation bath), which leads to different
diffusion rates of liquid-liquid demixing during phase sepa-
ration. The large pipe-like porous structure of PPI(H,O) film is
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Fig. 3 SEM images of the Pl and PPI films: (a and b) cross-section of the PI film, (c) top surface of the PI film, (d and e) cross-section of the
PPI(H,O) film, (f) top surface of the PPI(H,O) film, (g and h) cross-section of the PPI(MeOH) film, and (i) top surface of the PPI(MeOH) film.

induced by an instantaneous phase separation, which occurs words, the stronger interaction between solvent (NMP) and
during the initial stage due to the strong mutual affinity non-solvent (H,O) leads to a higher diffusion rate and
between H,0 and NMP,** whereas tightly-packed pores in the promotes the aggregation of PAA molecules, which induces
PPI(MeOH) film are attributed to the relatively low diffusion rapid phase separation and constructs the large pipe-like
rate between MeOH and NMP in the PAA matrix. In other pores. Nevertheless, the relatively slow diffusion rate of non-

Fig. 4 SEM images of cross-section of (a—c) CNNF/PPI(H,O) films with CNNF contents of 0.5, 2.0, and 5.0 wt%; (d—f) image magnification of
(a—c).
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solvent (MeOH) provides the tightly-stacked porous structure
of PAA.

The morphologies of the cross-sections of porous CNNF/PPI
films prepared via H,O and MeOH as coagulation baths are
shown in Fig. 4 and 5, respectively. The entire porous
morphology of the large pipe-like pores in the PPI(H,0) film
remains consistent with the loading of CNNF, whereas the
stacked pores of the CNNF/PPI(MeOH) film grow slightly larger
with the increase in CNNF content. The porous morphologies
with distinct structures are consistent with the porosity of the
CNNF/PPI films produced via the two coagulation baths. The
porosity of 0.5, 1.0, and 2.0 wt%-CNNF/PPI(H,O) films was
measured to be 64.8%, 63.1%, and 61.6%, respectively, while
the porosity of 0.5, 1.0, and 2.0 wt%-CNNF/PPI(MeOH) films
was found to be 22.5%, 24.8%, and 29.0%, respectively. The
porosity of CNNF/PPI(H,0) is much higher than that of CNNF/
PPI(MeOH).

RSC Advances

In addition, the scattering dispersion of CNNF on the shell of
the stacked pores in CNNF/PPI(MeOH) can apparently be
investigated, as seen in Fig. 5d-f. Based on the variation in
porosity of CNNF/PPI(MeOH), it is suggested that CNNF nano-
fillers may reinforce the micro-porous structure. The agglom-
eration of nanofillers becomes apparent when loaded with 2.0-
5.0 wt% CNNF content (Fig. 5e and f), which induces an
enhancement in interfacial polarization. This is the main
reason for the increase in dielectric constant of the polymer/
fillers composite. To achieve optimal properties, the PPI films
with 0.5-2.0 wt% CNNF were selected to test their dielectric
properties.

3.3 Dielectric properties of CNNF/PI and CNNF/PPI films

The dielectric properties of the CNNF/PI and CNNF/PPI films
were evaluated in the frequency range 50-10° Hz at room

Fig.5 SEM images of cross-section of (a—c) CNNF/PPI(MeOH) films with CNNF contents of 0.5, 2.0, and 5.0 wt%; (d—f) image magnification of

(a—c).
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temperature (Fig. 6 and 7). Fig. 6a, 7a and 7c demonstrate the
dielectric constants ¢ of composite films with varying filler
content. All the PPI films possess remarkably lower dielectric
constants ¢ and dielectric loss ¢’ compared to the PI films, with
¢ ranging from 1.56 to 2.50 and ¢’ ranging from 0.0005 to 0.013
at 1 MHz. The 0.5 wt%-CNNF/PPI films exhibit the lowest
dielectric constants of 1.56 and 1.69 at 1 MHz via H,O and
MeOH as coagulation baths, respectively, which are ~50% lower
than that of the original PI film (¢ = 3.33) and are generally
independent of frequency over the frequency sweep. The
apparent reduction in dielectric constant is due to the incor-
poration of a porous structure and FAS-grafted fillers into the PI
matrix. The lowest dielectric constant of the PPI film occurs
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with 0.5 wt% CNNF content, which means that the overall
porous structure (porosity and pore size distribution) and
distribution of CNNF are optimum. When the CNNF content
increases from 0.5 wt% to 2.0 wt%, the ¢ of CNNF/PPI(H,0)
increases from 1.56 to 2.11 and that of CNNF/PPI(MeOH)
increases from 1.69 to 2.50. Initially, the well-dispersed
0.5 wt% CNNF fillers interact with polymer chains and restrict
the mobility of the molecular dipoles of the PI chains, thereby
reducing the overall polarizability of non-porous and porous PI
films.*®* However, with increasing CNNF content, the interfacial
polarization induced by the agglomeration of CNNF results in
a less effective hindrance of charge regions and generates
dipole mobility. Therefore, the dielectric constants of the PI and
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Fig. 8 Water contact angles of the (a) CNNF/PPI(H,O) films and (b) CNNF/PPI(MeOH) films.
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PPI films appear to increase with higher filler content. This is in
agreement with previous studies.” Meanwhile, the low dielec-
tric loss ¢’ remains consistent (¢’ <0.013) with the loading of
0.5-2.0 wt% CNNF, as shown in Fig. 7b and d. The 1 wt%-CNNF/
PPI films via H,O and MeOH show an ultra-low dielectric loss of
¢’ <0.001.

3.4 Hydrophobic property of the CNNF/PPI films

The hydrophobic property of a dielectric film is beneficial for
dielectric stability, which can inhibit a sharp rise in dielectric
constant due to moisture. The water contact angles (WCA) of
CNNF/PPI(H,0) and CNNF/PPI(MeOH) with different CNNF
contents were investigated to evaluate the hydrophobic perfor-
mance of porous films. The results are shown in Fig. 8 and

Table 1 Water contact angles of the PPI films

RSC Advances

summarized in Table 1. Comparing the porous films via the two
coagulation baths, the WCA of CNNF/PPI(H,0) increases from
66° to 107° (Fig. 8a), while that of CNNF/PPI(MeOH) increases
from 92° to 120° (Fig. 8b). The better hydrophobicity of CNNF/
PPI(MeOH) is attributed to the tightly-stacked micropores,
which prevent the passage of moisture. However, the large pipe-
like pores throughout the CNNF/PPI(H,0) film might cause
quick infiltration of moisture. Besides, with the increase in
fluorinated fillers, the enhancement in WCA can be observed in
the CNNF/PPI(H,0) and CNNF/PPI(MeOH) films, as shown in
Table 1. The improvement in hydrophobicity indicates that the
absorption of moisture could be retarded by fluorinated
microporous films, thus maintaining the long-term stability of
the dielectric property in a humid environment.

PPI(H,0) films Contact angle

PPI(MeOH) films Contact angle
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Table 2 DMA results of the CNNF/PPI(H,O) and CNNF/PPI(MeOH)
films

PPI films E' at 30 °C/MPa T4/°C
PPI(H,0) 225 275
0.5-CNNF/PPI(H,0) 281 276
1.0-CNNF/PPI(H,0) 348 276
1.5-CNNF/PPI(H,0) 353 277
2.0-CNNF/PPI(H,0) 389 278
5.0-CNNF/PPI(H,0) 324 280
PPI(MeOH) 537 274
0.5-CNNF/PPI(MeOH) 609 275
1.0-CNNF/PPI(MeOH) 676 275
1.5-CNNF/PPI(MeOH) 775 277
2.0-CNNF/PPI(MeOH) 881 278
5.0-CNNF/PPI(MeOH) 573 280

3.5 Mechanical property of the PPI films

The dynamic mechanical properties of the CNNF/PPI films are
presented in Fig. 9, and the corresponding results are summa-
rized in Table 2. Comparing Fig. 9a with 9c, the storage
modulus E' of CNNF/PPI(MeOH) film is higher than that of the
CNNF/PPI(H,0) film. The reason is that the uniformly and
tightly-stacked micropores (~10-30 um) in the CNNF/
PPI(MeOH) film lead to better mechanical properties. While
CNNF/PPI(H,0) possesses a large pipe-like structure with an
uneven pore size of >100 um in length, which results in harm to
the E' of the PPI films. Further, it is obvious that the addition of
CNNF can remarkably improve the resistance of porous films to
elastic deformation for the CNNF/PPI(H,O) and CNNF/
PPI(MeOH) films. The strengthening of the PPI films is attrib-
uted to the high elastic modulus of CNNF nanosheets. However,
the storage modulus E’ increases with the continuous loading of
CNNF content up to 2.0 wt%. The E' of PPI(MeOH) drops from
881 to 573 MPa with an increase in loading from 2 wt% to 5 wt%
CNNF. This can be explained by the excessive CNNF aggregation
leading to poor interfacial compatibility between nanofillers
and the PI matrix, which causes stress defects and mechanical
damage.

The T, results of CNNF/PPI(H,0) and CNNF/PPI(MeOH) are
summarized in Table 2. The original PPI(H,O) and PPI(MeOH)
films show T, at 275 °C and 274 °C, respectively. With the
introduction of CNNF, the values of T, increase by 3-4 °C when
the CNNF content reaches 2 wt%. The enhancement in T, is
attributed to strong interactions between the remaining amino
groups of the CNNF surface and carbonyl groups of PI, which
restricts the movement of the PI molecular chains.

4. Conclusions

A facile NIPS method was proposed to successfully prepare
porous PI films with an ultra-low dielectric constant, which
contained FAS-grafted g-C;N, nanosheets. The porous
morphology was determined by a non-solvent coagulation bath
and the content of nanofillers, which primarily influenced the
dielectric property. FAS-grafted g-C;N, nanosheets were utilized
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as a high-performance electrically-insulating filler to maintain
the hydrophobicity and thermomechanical properties of the PPI
porous structure. Compared to the CNNF/PPI(H,0) film, tightly-
stacked micropores of the CNNF/PPI(MeOH) film provided
better overall performance. The dielectric constants of 0.5 wt%-
CNNF/PPI(H,0) and 0.5 wt%-CNNF/PPI(MeOH) were 1.56 and
1.69 at 1 MHz, respectively, which were ~50% lower than that of
the original PI film. Further, the hydrophobicity and thermo-
mechanical properties of the CNNF/PPI(MeOH) film were
superior to those of the CNNF/PPI(H,O) film. The storage
modulus E’ of 2 wt%-CNNF/PPI(MeOH) was 881 MPa at 30 °C,
with a WCA of 113°. Therefore, this optimized porous structure
can be considered as potential reliable ultra-low dielectric film
for use in microelectronic devices in an extreme environment.
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