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Low dielectric polyimide (PI) is a crucial component of interlayer dielectric materials in modern electronic
devices, which effectively mitigates signal delay and power loss issues arising from the high integration. Herein,
low dielectric nanocomposite with micro-crosslinked structure is prepared through in-situ polymerization of
fluorinated PI (f-PT) and polyhedral oligomeric silsesquioxane (POSS). Four f-PlIs with different positions of tri-
fluoromethyl and structure of backbone, and three functionalized POSS are studied by density functional theory
(DFT) and classical molecular dynamics (MD) simulations to reveal the effects of the PI structure and the
interfacial interaction of POSS with PI on dielelectric constant. Specifically, the dielectric constant and dielectric
loss of 3 wt% 8NH,-POSS/PI1 at 1 kHz are reduced to 2.40 and 0.0017, respectively. The micro-crosslinked
structure provides better thermal stability (513.3 °C), coefficient of thermal expansion (42.14 ppm °C™!), and
acid resistance, meeting the requirements of integrated circuits (ICs) processing. In comparison to commercial
epoxy boards (FR4), the 3 wt% 8NH»-POSS/PI exhibits lower Sy; signal loss (—10.874 dB) and provides greater
magnetic fields (2.00 G) near 3.0 GHz as the substrate of Nitrogen-Vacancy (NV) centers sensor. This well-
performing low dielectric nanocomposite offers a promising medium for ICs.

1. Introduction

approaches to reduce € of polymers [!,!]. The introduction of
fluorine-containing groups, particularly trifluoromethyl with low po-

Polyimide (PI) is a kind of special engineering plastic known for its
excellent electrical insulation, thermal stability, mechanical strength
and chemical inertness [!]. Nowadays, PI has become the primary
interlayer insulating material, finding extensive applications in
communication information ['], integrated circuits ['], micro-
electromechanical systems [], liquid crystal displays ["], lithography
[] and aerospace []. However, the integration of microelectronic de-
vices entails parasitic capacitance, urgently requiring novel PI with low
dielectric constant (¢ < 2.5) and ultra-low dielectric loss (tand <0.005)
to alleviate the problem of power consumption and signal crosstalk
[8-10].

According to the Clausius-Mossotti formula £} = %‘5, where a, N and
¢o represent the molecular polarizability, the number of polarized
molecules per unit volume and e of vacuum, respectively [ 1],
decreasing polarizability and increasing free volume are effective
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larization rate and large bulk effect, proves to reduce the intrinsic ¢
significantly [ 1. Yang et al. separately synthesized
trifluoromethyl-containing 6FDAM, 12FDA and 15FDA diamine, and
demonstrated a linear decrease in the corresponding ¢ of these PIs as the
mass fraction of fluorine atoms in repeating unit (F%) increased [ | 7]. Yi
Zhang et al. utilizing an artificial neural network, identified that the
optimal F% fell within the range from 25 % to 37 % [ ' ]. However, only
using F% to access € is an incomplete approach [!9,0], because the
position of substitutions and structure of backbone also have great ef-
fects on &. Until now, there has been a lack of systematic conclusions on
the factors influencing ¢ of polymers, especially at the atomic level.
Moreover, doping POSS increases free volume without encountering
water absorption or surface roughness [ ], commonly used to
reduce . The customizable functional groups in POSS necessitate
comprehensive investigation due to their direct impact on the dispersion

Received 16 September 2023; Received in revised form 25 December 2023; Accepted 28 December 2023

Available online 6 January 2024
2452-2139/© 2024 Elsevier Ltd. All rights reserved.



Composites Communications 46 (2024) 101804

Contents lists available at ScienceDirect

Composites Communications

journal homepage: www.elsevier.com/locate/coco

ELSEVIER

Short Communication

Micro-crosslinked polyimide nanocomposites with low dielectric constant
and low dielectric loss for microwave antenna with molecular dynamics

Zhiyuan Peng?, An Ye", Ling Zhang ™", Xiaolin Li”, Cheng Lian ¢, Chunzhong Li*""

2 Key Laboratory for Ultrafine Materials of Ministry of Education, Shanghai Engineering Research Center of Hierarchical Nanomaterials, Frontiers Science Center for
Materiobiology and Dynamic Chemistry, School of Materials Science and Engineering, East China University of Science and Technology, Shanghai, 200237, PR China
Y School of Physics, East China University of Science and Technology, Shanghai, 200237, PR China

¢ State Key Laboratory of Chemical Engineering, School of Chemical Engineering, East China University of Science and Technology, Shanghai, 200237, PR China

ARTICLE INFO ABSTRACT

Keywords:

Polyimide

Polyhedral oligomeric silsesquioxane
Low dielectric

Molecular dynamics

Low dielectric polyimide (PI) is a crucial component of interlayer dielectric materials in modern electronic
devices, which effectively mitigates signal delay and power loss issues arising from the high integration. Herein,
low dielectric nanocomposite with micro-crosslinked structure is prepared through in-situ polymerization of
fluorinated PI (f-PI) and polyhedral oligomeric silsesquioxane (POSS). Four f-PIs with different positions of tri-
fluoromethyl and structure of backbone, and three functionalized POSS are studied by density functional theory
(DFT) and classical molecular dynamics (MD) simulations to reveal the effects of the PI structure and the
interfacial interaction of POSS with PI on dielelectric constant. Specifically, the dielectric constant and dielectric
loss of 3 wt% 8NH2-POSS/PI1 at 1 kHz are reduced to 2.40 and 0.0017, respectively. The micro-crosslinked
structure provides better thermal stability (513.3 °C), coefficient of thermal expansion (42.14 ppm °C_l), and
acid resistance, meeting the requirements of integrated circuits (ICs) processing. In comparison to commercial
epoxy boards (FR4), the 3 wt% 8NH3-POSS/PI exhibits lower Sy; signal loss (—10.874 dB) and provides greater
magnetic fields (2.00 G) near 3.0 GHz as the substrate of Nitrogen-Vacancy (NV) centers sensor. This well-
performing low dielectric nanocomposite offers a promising medium for ICs.

1. Introduction approaches to reduce e of polymers [12,13]. The introduction of

fluorine-containing groups, particularly trifluoromethyl with low po-

Polyimide (PI) is a kind of special engineering plastic known for its
excellent electrical insulation, thermal stability, mechanical strength
and chemical inertness [1]. Nowadays, PI has become the primary
interlayer insulating material, finding extensive applications in
communication information [2], integrated -circuits [3], micro-
electromechanical systems [4], liquid crystal displays [5], lithography
[6] and aerospace [7]. However, the integration of microelectronic de-
vices entails parasitic capacitance, urgently requiring novel PI with low
dielectric constant (¢ < 2.5) and ultra-low dielectric loss (tand <0.005)
to alleviate the problem of power consumption and signal crosstalk
[8-10].

According to the Clausius-Mossotti formula % = Q’T';, where a, N and
go represent the molecular polarizability, the number of polarized
molecules per unit volume and e of vacuum, respectively [11],
decreasing polarizability and increasing free volume are effective
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larization rate and large bulk effect, proves to reduce the intrinsic ¢
significantly [14-16]. Yang et al. separately synthesized
trifluoromethyl-containing 6FDAM, 12FDA and 15FDA diamine, and
demonstrated a linear decrease in the corresponding ¢ of these PIs as the
mass fraction of fluorine atoms in repeating unit (F%) increased [17]. Yi
Zhang et al. utilizing an artificial neural network, identified that the
optimal F% fell within the range from 25 % to 37 % [18]. However, only
using F% to access ¢ is an incomplete approach [19,20], because the
position of substitutions and structure of backbone also have great ef-
fects on e. Until now, there has been a lack of systematic conclusions on
the factors influencing € of polymers, especially at the atomic level.
Moreover, doping POSS increases free volume without encountering
water absorption or surface roughness [21-24], commonly used to
reduce e. The customizable functional groups in POSS necessitate
comprehensive investigation due to their direct impact on the dispersion
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of fillers and dielectric properties of nanocomposites [25,26].

In this work, low & nanocomposites based on f-PI and functionalized
POSS with excellent overall performance are prepared as advanced
microwave antenna substrates. Four f-PI repeating units with four tri-
fluoromethyl yet different structure are synthesized, and the F% range
from 24.62 % to 31.32 %, within the suitable F% range for low € PI [18].
The relationship between PI structure and ¢ is deeply studied through
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analyzing the four factors (polarization rate, dipole moment, fractional
free volume (FFV) and interaction with water) by DFT and MD simu-
lations. Suitable functionalized POSS is screened by compatibility and
interfacial trapping effect with PI matrix, followed by in-situ polymeri-
zation to form micro-crosslinked structure. The resultant nanocomposite
(3 wt% 8NH,-POSS/PI1) exhibits low ¢, ultra-low dielectric loss, and
satisfies all conditions for high-temperature IC processing. As the
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Fig. 1. a) FTIR, b) dielectric constant and c) dielectric loss of PIs. Electrostatic potential maps of d) 6FDA-6FBAPP, e) 6FDA-6FAPB, f) 6FDA-6FBA, g) 6FDA-TFMB, h)
PMDA-ODA. i) LUMO, HOMO distribution and energy diagram of PIs. j) Process of polymer system construction. k) FFV, average intermolecular chain spacing, 1)

water contact angle, moisture rate and interaction with water of PI systems.
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microwave antenna for Nitrogen-Vacancy centers sensor, 3 wt%
8NH,-POSS/PI1 exhibits lower signal loss and higher magnetic field
than commercial printed circuit boards.

2. Results and discussion
2.1. Preparation and analysis of PIs with low dielectric constant

f-PIs are synthesized via four diamine monomers: 6FBAPP, 6FAPB,
TFMB and 6FBA with the same dianhydride monomer 6FDA as described
in Scheme S1. In Fig. 1a, peaks at 1787 and 1720 cm ! correspond to the
asymmetric and symmetric vibration of C=0O in imide rings, respec-
tively, while peak at 1366 cm! corresponds to the C-N stretching [27].
Meanwhile, the characteristic peaks for N-H of PAA at around 1550 and
3000 cm ™! are not observed, indicating the complete imidization of f-PIs
[28]. The 'H NMR of PI1 in Fig. Sla also demonstrates its successful
synthesis.

The ¢ of all f-PIs in Fig. 1b are less than 3.0 over the measurement
range, and significantly lower than ¢ of Kapton (3.4). PI1 exhibits the
lowest € (2.61 at 1 kHz) and low dielectric loss (Fig. 1c) with relatively
low F% (24.62 %) among f-PIs, which is not consistent with traditional
perception [17]. Therefore, factors influencing € of polymers need to be
evaluated more essentially and comprehensively.

The ¢ expresses the ability of materials to polarize in response to an
applied field, where the structure with low polarization rate and dipole
moment can reduce intrinsic € [29]. The electrostatic potential maps of
these PIs with different repeating units are depicted in Fig. 1d-h, where
blue regions correspond to negative potential regions. The blue regions
surrounding trifluoromethyl reduce the density of the electron cloud on
the adjacent benzene ring and impede the free delocalization of the n
electron, thereby weakening the polarization rate of benzene ring
generated in the electric field [30]. Due to stronger electrophilicity and
colossal steric hindrance of trifluoromethyl, f-PIs present a much larger
LUMO-HOMO gap and denser molecular orbital distribution than Kap-
ton (Fig. 1i), which mitigates intermolecular charge transfer complex
(CTC) effects [31,32], thereby reducing the dipole moment. The values
of polarizability and dipole moment per unit volume for these PIs are
listed in Table S1, where PI1 exhibits both the minimum values,
attributed to more electronegative groups (-O-, -CF3) and more sym-
metrical backbone in structure.

Ambient air and water also have effects on ¢ of polymers, where
increasing air (¢ = 1) and decreasing water (¢ = 81) of polymer
condensed states help to reduce e. The bulk-effect trifluoromethyl
groups increase the average spacing of molecular chains and torsion
angle of the bond between adjacent benzene rings in f-PI, leading to
larger FFV to accommodate sub-nanometer air (Fig. 1k-S2 and S3). The
larger FFV of f-PIs does not cause excessive diffusion of water because of
the hydrophobicity of trifluoromethyl. Fig. 11 illustrates that the water
contact angle, representing the initial hydrophobicity, increases with
higher F%. However, in long-term tests, PI1 with more water-repellent
beneze rings exhibits the lowest water absorption rate (0.30 %), which
is also demonstrated by MD interaction energy (Fig. S4). In summary,
PI1 exhibits the lowest € among these PIs with ultra-low conductivity
and good transmission (Fig. S1), suitable as low € matrix and expanding
its applications in optoelectronics.

2.2. Screening and synthesis of POSS nanoparticles

Hollow-cage POSS nanoparticles with appropriate functional groups
can further reduce the ¢ of PI1 and improve overall performance [33,
34]. Three distinct functionalized POSS with PI1 are constructed to
simulate multiphase structure, which are TrisilanolPhenyl-POSS (Phe-
nyl-POSS), TrisilanolIsobutyl-POSS (Isobutyl-POSS) and
OctaAminopropyl-POSS (8NH;-POSS). The calculated interaction en-
ergy by DFT between these POSS and PI1 monomer is illustrated in
Fig. S5a, wherein higher interaction energy of 8NH,-POSS/PI1 leads to
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better compatibility [35]. Compared to phenyl and isobutyl, the ami-
nopropyl group is more polar and produces stronger interaction with
polar PI1 [36]. The electrostatic potentials (ESP) of POSS/PI1 are
depicted in Fig. 2a-c, where ESP around aminopropylheptyl in
8NH,-POSS shows negative potential, indicating the deepest trapping
effect in the interface sites with the same negatively charged PI1.
Consequently, 8NH,-POSS/PI1 restrains the charge carriers injection
and migration [37,38], thereby lowing & of nanocomposites. Further-
more, incorporating 8NH2-POSS enhances the FFV of nanocomposites
and reduces water interaction (Figs. S5b and S5c), resulting in a positive
effect on € reduction.

8NH,-POSS is prepared by hydrolytic polycondensation of silane
using y-aminopropyltriethoxysilane as the precursor and purified
through solvent crystallization. Fig. 2d—f demonstrate that the peaks are
attributed to the carbon and hydrogen signal of organic functional
groups at polyhedral vertices, with only one type of silicon atom in the
structural conformation. In addition, —67 ppm of chemical shifts are
close to those of silicon atoms in the cage structure of (RSiO; 5)g [39].
Fewer spurious peaks also prove that the product is a uniform structure
with high purity. The structure of 8NH,-POSS is further supported by
FTIR spectrum and elemental mapping images in Fig. S6. The broad
peak at 3360 cm ! is the result of the characteristic absorption of ~NH;
groups and bonding water [40]. The weight loss before 150 °C in
Fig. S6b is caused by the condensation of crystalline water and silicone
hydroxyl groups. Double bands at 2932 and 2876 cm™! correspond to
the C-H stretching [41]. The peaks at 1125, 1030 and 860 cm! are
attributed to the vibration of the Si-O-Si framework [42].

2.3. Characterization and performance of nanocomposites

8NH,-POSS nanoparticles are introduced into the PI1 matrix by in-
situ polymerization forming micro-crosslinked structure. In contrast,
commercial aminopropyllsobutyl POSS (NH,-POSS) is compouned with
PI1 as a comparison sample with non-crosslinked structure (Fig. S7).
Two nanocomposites are individually immersed in concentrated sulfuric
acid at 50 °C, and 3 wt% NH,-POSS/PI1 shows apparent dissolution
within 8 h, while 3 wt% 8NH;-POSS/PI1 is completely free of dissolu-
tion and crumple during one month in Fig. S8. The crosslinking density
of 3 wt% 8NH,-POSS/PI1 increases to 0.745 x 10 mol m~3, which is
about 3 times higher than that of 3 wt% NHy-POSS/PI1, leading to the
higher glass transition temperature (Tg) of 269.0 °C and smaller mean
squared displacement of 3 wt% 8NH2-POSS/PI1, demonstrating stron-
ger interaction in 8NH,-POSS/PI1 system (Fig. S9).

The ¢ of the PI nanocomposites gradually decreases with increasing
8NH,-POSS content and 3 wt% 8NH,-POSS/PI1 reaches low ¢ value of
2.40 at 1 kHz and 2.24 at 3 GHz in Fig. 3a and S10. The symmetrical
structure of 8NH2-POSS with hollow cage structure has an extremely low
intrinsic polarity. Moreover, as the degree of crosslinking increases,
stronger interactions weaken the motion of the polar orientation and
relaxation [43]. Compared with 3 wt% NH,-POSS/PI1, 3 wt%
8NH,-POSS/PI1 has a higher ¢ in low-frequency region, because of the
closer chain segment spacing of 3 wt% 8NH2-POSS/PI1 and smaller FFV
(Fig. S11) leading to a decreased amount of sub-nanometer air within
the composites. But the gap between the two curves becomes progres-
sively smaller in high-frequency regions and exhibits lower € above 1
MHz, where a greater degree of chain entanglements in
micro-crosslinked structure hinders the orientation of dipoles in
high-frequency electric fields [44]. The addition of 8NH,-POSS reduces
the dielectric loss of nanocomposite in high-frequency region (Fig. 3b)
for good compatibility between 8NH»-POSS and PI1 resulting in few
interfacial loss between them [45]. The dielectric strength of PI1 and
hybrids are analyzed by Weibull distribution. The characteristic break-
down strengths (Eq) and shape distribution parameter (p) are calculated
by Weibull distribution in Fig. 3c, where Eg of 3 wt% 8NH,-POSS/PI1
(249.5 kv mm 1) is approximately 30 % higher than that of PI1 with
best stability, which indicates superior dielectric strength and insulation
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Fig. 3. a) Dielectric constant, b) dielectric loss, d) TGA of PI1 and f) tensile stress-strain curves of PI1 matrix and nanocomposite. ¢) Weibull distribution and e) DMA
curves of PI1, 3 wt% NH,-POSS/PI1 and 3 wt% 8NH,-POSS/PI1.

capacity. The crosslinked structure mitigates damage caused by thermal performance as wafer-level packaging [15]. As the 8NH-POSS content
and partial discharge breakdown [46]. The 5 wt% weight loss temper- increases, mechanical strength and modulus gradually improve due to
ature (Tsg,) of 3 wt% 8NH,-POSS/PI1 is about 513.3 °C, 16.3 °C higher the greater degree of crosslinking as presented in Fig. 3f. 3 wt%
than Ts, of pure PI1 (Fig. 3d), while 3 wt% 8NH,-POSS/PI1 exhibits the 8NH,-POSS/PI1 reaches 98.81 MPa, 59.37 % and 16.66 % higher than
lowest coefficient of thermal expansion (CTE = 42.14 ppm °C™1) that of PI1 and 3 wt% NH-POSS/PI1, respectively. The rougher fracture
caluclated by DMA curves in Fig. 3e and Table S2, achieving the cross-section of 3 wt% 8NHy-POSS/PI1 in Fig. S12 also demonstrates
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stronger interactions and greater stress transfer capability of 3 wt%
8NH,-POSS/PI1. Besides, the introduction of POSS further improves the
optical transmittance of films (Fig. S13).

2.4. Microwave antenna application

Durable substrates for flexible devices need to withstand repeated
folding and have good adhesion to conductors [47,48]. In Fig. 4a, the
resistance of the circuit remains almost constant after 3000 folding cy-
cles over 150°. After 20,000 folding cycles, there is only a 6.2 % vari-
ation in resistance, demonstrating good reliability of 3 wt%
8NH,-POSS/PI1. The scattering parameters, such as transmission coef-
ficient (S;1) and reflection coefficient (S21), represent the
signal-transmitting efficiency of the circuit (Fig. S14). In circuit 1, So; of
8NH,-POSS/PI1 is higher and smoother than the Sy; of the FR4 substrate
at frequencies above 0.3 GHz, and the first peak of POSS/PI1 is —26.61
dB, showing an improvement of ~5 dB (Fig. 4b). Circuit 2 is a micro-
wave antenna that can be applied to Nitrogen-Vacancy (NV) centers,
which are typical luminous point defects in diamond with the charac-
terization of excellent spin properties [49]. NV centers serve as prom-
ising quantum sensors for temperature [50], electric field [51], magnetic
field [52] and pressure [53] with high spatial resolution and high
sensitivity. Given the diamond NV centers have a zero-field splitting at
2.87 GHz, performance differences around 3.0 GHz are especially
emphasized. The peak S;; of 8NH,-POSS/PI1 in Fig. 4c is —10.874 dB,
while that of FR4 is —7.786 dB. Simultaneously, as verified by the finite
element method in Fig. 4d, 8NH,-POSS/PI1 substrate results in an S
performance improvement of ~29 % to FR4 substrate near 3.0 GHz. The
lower S1; of 8NH,-POSS/PI1 in high frequency denotes strong radiation
and easy integration, which can generate stronger magnetic fields,
enhancing the signal strength to efficiently modulate the NV centers.
The simulated average magnetic field amplitude along the central x-axis
and y-axis excited by POSS/PI1 in the xy-plane at the bottom of the 4 x
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4 x 4 mm square (Fig. 4e) reaches 2006.90 mG, which is much stronger
than the amplitude on the FR4 substrate (105.62 mG) at 3.0 GHz (Fig. 4f
and S15), contributing to the development of compact and powerful NV
centers-based magnetic measurement devices.

3. Conclusion

In summary, 6FDA-6FBAPP (PI1) exhibits the lowest polarization
rate, dipole moment, water absorption, and higher FFV accommodating
air, making it suitable for the matrix as low € PI composites. Next, 8NHo-
POSS is screened for better compatibility and interfacial trapping effect
with PI1. Following in-situ polymerization, 3 wt% 8NH,-POSS/PI1
demonstrates excellent dielectric properties and meets the necessary
conditions required for IC processing due to its micro-crosslinked
structure. The ¢ and dielectric loss of 3 wt% 8NH,-POSS/PI1 reach
2.40 and 0.00170 at 1 kHz, leading to the lower signal loss (S1; =
—10.874 dB) and stronger magnetic field (2.00 G) at operating fre-
quency compared to commercial FR4 substrates as NV centers sensor.
Compared to non-crosslinked 3 wt% NH»-POSS/PI1, micro-crosslinked
structure provides better acid resistance, higher glass transition tem-
perature (Tg = 269.0 °C), breakdown strength (Eg = 249.5 kV mm’l),
thermal stability (Tsy, = 513.3 °C), dimensional resistance (CTE = 42.14
ppm °C~!) and mechanical strength (98.81 MPa), which ensures the
performance as the material for advanced ICs.
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