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Hybrid Ternary Composites of Hyperbranched and Linear Polyimides
with SiO;: A Research for Low Dielectric Constant and Optimized
Properties
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Based on a hydroxyl-terminated hyperbranched polyimide (HBPIgpapa-rapom)), two series of hybrid
ternary composites composed of a linear polyimide (Plgepa-aps), HBPIgpapa-tapon) (10% and 20%), and
various concentrations of SiO, were fabricated by sol-gel method. Research showed that properties of the

10 composites are closely related with the ratio of HBPIgpapa-tapcom) to SiO,, which can be optimized by
proper choice of the compositions. Under the optimized conditions, the hybrid ternary composites show
properties complementary at the drawbacks of unary or binary systems. The dielectric constant (Dy) of the
Plgrpa-aps_ HBPIgpapa-tap (om-10%_SiO,-10% composite reaches the lowest value of 2.26. The silica
loading and reinforcement binding with Plggpaapg_ HBPIgpapa-Tapom) matrix are confirmed by the SEM

1s morphology of the hybrid ternary composite films. When a suitable amount (20%) of HBPIgpapa-tap(on)
is added into the Plggpa_app_Si0,-10% composite, the optical transmittance is significantly improved to
be 63% at the wavelength of 450 nm. With increasing the content of SiO,, the thermal expansion is
obviously reduced. For the PI grpa-aps_HBPIgpapa-tar (on)-10%_Si0,-30% composite, the coefficient of
thermal expansion (CTE) of the film is reduced to 15.9 ppm °C™' compared to 37.1 ppm °C™" for the

20 Plgrpa-app film (reducing about 59%). Due to these optimized properties, hybrid ternary composite films
are expected to have potential applications in micro-electronic insulator fields such as interlayer dielectric
of advanced electronic devices.
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Introduction

Polyimide (PI) has been widely studied during the past decades
and the development of the low dielectric constant PI for
electronic industry has been a focus of recent investigations.'”
The insulating interlayer materials with low dielectric constant
are urgently needed in order to improve the speed or reduce
resistance capacitance (RC) delay time of electron flow
transmission between the chips of large scale integrated circuit
and meet the requirement of high integration. In recent years,
different approaches have been explored to develop PIs with
ultra-low dielectric constants, which include well-designed
organic-inorganic systems,> * ® systems with air gap or pore
voids,”® low polarization,”!" and increased free volume.® "> 1% 12
However, for unary or binary systems, there are some limitations
for their applications as insulating materials, such as the low
thermal mechanical or low transparency properties.® " * 1* 12
Ideal insulating materials should not only possess low dielectric
properties, but also show high transparency and excellent thermal
mechanical properties. In order to improve these properties,
hybrid ternary composites composed of a hydroxyl-terminated
hyperbranched polyimide, a linear polyimide and inorganic silica
can be a new approach to significantly improve the properties."

Hyperbranched polymers (HBPs) are well known for their
unique properties, such as possessing a large number of end
groups, low solution viscosity, high solubility and others."*'7 It
can be used to show improved properties when compared with
their linear analogues. In recent years, hyperbranched polyimide
(HBPI) has been synthesized,'® characterized,'” and used for
applications such as gas permeability.”” 2 Those studies showed
that there were many open and accessible cavities (typically
several angstroms in size) in a rigid branched structure.® > %
Those unique characteristics can be used for the development of
low dielectric constant polyimide.”> ** Our previous study has
showed that by using a hyperbranched polyimide (HBPIgpapa.
tapon)) as the third component, dielectric and other properties
can be significantly improved for the hybrid ternary systems.'
The research also showed that the HBPIgpapa-tapony and SiO,
are two key components in the ternary composites to improve the
properties. However, the proper ratios and compositions of the
components to optimize the properties are still not understood
and require further investigations.

In this study, we prepared and investigated the hybrid ternary
composites composed of HBPIgpapa-taron), a linear polyimide
(Plgrpa.aps) and inorganic silica (Scheme 1) with different
compositions. HBPIgpapa-tapom) Was synthesized via the A, + B;
polycondensation®® and peripheral-group modification after
polymerization.”* The hybrid ternary composite films were
fabricated by a sol-gel process. We studied the hybrid ternary
composites by FTIR, UV-Vis, SEM, thermal analysis, dielectric
and mechanical analyzers to find the ways to reduce dielectric
constant and improve other properties. The properties and their
relationships with compositions of the hybrid ternary composites

7s Bast

were investigated. The composites with optimized compositions
have the complementary effects to improve the weakness of the

ss unary or binary system. The results are reported in the following

sections in detail.
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Scheme 1. Illustration of the Plsrpa-aps, HBPIgpapa-tarom, and SiO,
linkage network.

« Experimental Section

Materials

4,4'-(Hexafluoroisopropylidene)diphthalic anhydride (6FDA,
95%), 2,4,6-triaminopyrimidine (TAP, 98%), 1-hydroxy-cyclo-
hexyl phenyl ketone, and 1,3-bis(3-aminophenoxy)benzene (APB,

6s 98%) were purchased from Adamas-Reagent Co. Ltd. 4,4-

Bis(4,4'-isopropylidene  diphenoxy) bis-(phthalic anhydride)
(BPADA, 97%) was purchased from Sigma-Aldrich and Aladdin
Chemical Company. 4-Amino-phenol was purchased from
Tianjin ~ Chemical  Engineering  Laboratory. N,  N-

70 Dimethylacetamide (DMAc, 98%), N, N-dimethylmethanamide

(DMF, 98%), tetrahydrofuran (THF, 98%), and toluene which
were used as the reaction media were purchased from the Beijing
Chemical Works and Alfa Aesar. The solvent N-methyl-2-
pyrrolidone (NMP, 97%) was purchased from Beijing Modern
Fine Chemical. Hydrochloric acid (HCI) and
tetraethoxysilane (TEOS, 98%) were purchased from Alfa Aesar
and used without further purification. If it is not mentioned
specifically, the reactants and solvents were used as received
without further purification.
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Scheme 2. Synthetic route for the Pl srpa-aps. HBPIgpapa-taron,_SiO, hybrid ternary composites.

s Synthesis

The synthetic methods for hydroxyl-terminated hyperbranched
polyimide and linear polyimide have been described in our
previous report."?
The synthetic routes of the materials are shown in Schemes
10 land 2, which include the preparations of the hybrid ternary
PI6FDA-APB_HBPIBPADA-TAP(OH)_SiOZ Composites. The preparation
details are described next.
Plsrpa-aps_HBPIgpapa-rapon)_SiO2 hybrid ternary
composite films. The hybrid ternary composites were prepared
15 by using a typical sol-gel method (Scheme 2). As the composite
films were prepared by the similar method, to avoid the
redundancy, only the preparation of the composite SC-3 (Plgrpa.
aps_HBPIgpapa-Tapom)-20%_Si0,-20%) is given here as a typical
example. Stoichiometric quantities of TEOS in DMAc (10 wt%,
20 1.38 g), and HCl in deionized water (0.1 N, 0.048 g) were mixed
and stirred at room temperature for 0.5 h to form the SiO, sol.
Then, the SiO, solution was added dropwise into the solution of

the linear polyamic acid obtained from 6FDA and APB (PAA, 10

Wt%, 2 g) and HBPIBPADA-TAP(OH) (004 g) with stlrrlng The
»s mixture was stirred at room temperature for 12 h to obtain the

SC-3 (Plgrpa-aps_HBPIgpapa-tapom-20%_Si0,-20%) precursor.

In the second stage, the precursor solution was cast on a glass

plate and heated at 80 °C for 2 h. The film was then thermally

imidized by step-wise heating at 150 °C (1 h), 200 °C (1 h), and
30 300 °C (1 h).

The composite films with different compositions were
prepared by a similar method by adjusting the compositions of
the PI and silica. The film formation property of the hybrid
ternary composite films depended on the contents of the Plgpapa.

35 tapon) and TEOS. And uniform films could be obtained under
proper conditions. By using the linear PAA and HBPI, the hybrid
ternary composites were prepared successfully. The films are
named: SB-1~SB-5 for Plgrpa.aps — HBPIgpapa-Tapom-10% —
Si0, 0% ~ 40% and SC-1~SC-5 for Plgrpa-aps—HBPIgpapa.

0 1apoH)-20%—810,_0% ~ 40%, where the percentage given in the
generic abbreviations is the weight percentage relative to the

This journal is © The Royal Society of Chemistry [year]
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linear PI calculated from the reactant amounts.

FT-IR analysis results

FTIR for SB-1 (KBr, cm™): 2967 cm ' (CH, asym. str.); 1783
em! (C=0 sym. str.); 1720 em™ (C=0 asym. str.); 1585, 1477
em’ (C=C str. arom.); 1367 cm™' (C-N str. imide); 1238, 1187
em ' (Ar—O-Ar), 1137 cm ™' (=CF;); 960, 846 cm "(Ar-H); 779,
717 em™ (Subst. Ar.); and 1660-1670 cm ~' (Non PAA structure
band).

FTIR for SB-2 (KBr, cm™): 2967 cm ™' (CH; asym. str.); 1783
em! (C=0 sym. str.); 1720 cm™' (C=0 asym. str.); 1585, 1477
em’! (C=C str. arom.); 1367 cm™ (C-N str. imide); 1240, 1189
cm ' (Ar-O-Ar), 1137 cm ™' (=CF5); 1068-1003 cm™ (Si-0-Si);
960 cm "'(Ar-H); 890 cm’! (Si—OH); 846 cm "'(Ar-H); 779, 717

cm’! (Subst. Ar.); and 1660-1670 cm *' (Non PAA structure band).

FTIR for SB-3 (KBr, cm™): 2967 cm ' (CH, asym. str.); 1783
em! (C=0 sym. str.); 1720 em™ (C=0 asym. str.); 1585, 1477
em’ (C=C str. arom.); 1367 cm’' (C-N str. imide); 1238, 1189
em ' (Ar—O-Ar), 1137 cm ™' (-CF;); 1071-1003 cm™ (Si-O-Si);
960 cm '(Ar-H); 890 cm™ (Si-OH); 846 cm ~'(Ar-H); 779, 717

cm! (Subst. Ar.); and 1660-1670 cm ™' (Non PAA structure band).

FTIR for SB-4 (KBr, cm™): 2967 cm ™' (CH; asym. str.); 1783
em! (C=0 sym. str.); 1720 cm™’ (C=0 asym. str.); 1585, 1479
em’! (C=C str. arom.); 1369 cm™ (C-N str. imide); 1240, 1189
cm ' (Ar-O-Ar), 1137 cm ™' (=CF5); 1068-1003 cm™ (Si-O-Si);
960 cm "'(Ar-H); 890 cm’! (Si—OH); 846 cm "'(Ar-H); 779, 717

cm’! (Subst. Ar.); and 1660-1670 cm *' (Non PAA structure band).

FTIR for SB-5 (KBr, cm™): 2967 cm ' (CH, asym. str.); 1783
em! (C=0 sym. str.); 1720 em™ (C=0 asym. str.); 1585, 1479
em’ (C=C str. arom.); 1369 cm™' (C-N str. imide); 1240, 1189
em ! (Ar—O-Ar), 1137 cm ™' (-CF;); 1060-1003 cm™ (Si-O-Si);
960 cm '(Ar-H); 890 cm™ (Si-OH); 846 cm ~'(Ar-H); 779, 717

cm! (Subst. Ar.); and 1660-1670 cm ™' (Non PAA structure band).

FTIR for SC-1 (KBr, cm™): 2967 cm ™' (CH; asym. str.); 1783
em! (C=0 sym. str.); 1720 cm™' (C=0 asym. str.); 1585, 1477
em’! (C=C str. arom.); 1367 cm™ (C-N str. imide); 1238, 1187
cm ' (Ar-O-Ar), 1137 cm ™' (=CF;); 960, 846 cm ~'(Ar-H); 779,
717 em’™' (Subst. Ar.); and 1660-1670 cm ~' (Non PAA structure
band).

FTIR for SC-2 (KBr, cm™): 2967 cm ™' (CH; asym. str.); 1783
em! (C=0 sym. str.); 1720 em™ (C=0 asym. str.); 1585, 1477
em’ (C=C str. arom.); 1369 cm™' (C-N str. imide); 1238, 1189
em ' (Ar—O-Ar), 1137 cm ™' (-CF;); 1070-1003 cm™ (Si-O-Si);
960 cm '(Ar-H); 890 cm™ (Si—OH); 846 cm ~'(Ar-H); 779, 717

cm! (Subst. Ar.); and 1660-1670 cm ™' (Non PAA structure band).

FTIR for SC-3 (KBr, cm™): 2967 cm ™' (CH; asym. str.); 1783
em! (C=0 sym. str.); 1720 cm™' (C=0 asym. str.); 1585, 1477
em’! (C=C str. arom.); 1369 cm™ (C-N str. imide); 1238, 1189
cm ' (Ar-O-Ar), 1137 cm ™' (=CF5); 1068-1003 cm™ (Si-0-Si);
960 cm "'(Ar-H); 890 cm’! (Si—OH); 846 cm "'(Ar-H); 779, 717

cm’! (Subst. Ar.); and 1660-1670 cm ~' (Non PAA structure band).

FTIR for SC-4 (KBr, cm™): 2967 cm ' (CH; asym. str.); 1781
em™! (C=0 sym. str.); 1720 em™ (C=0 asym. str.); 1585, 1477
em’ (C=C str. arom.); 1369 cm’' (C-N str. imide); 1240, 1189
em ' (Ar—O-Ar), 1137 cm ™' (-CF;); 1068-1003 cm™' (Si-O-Si);
960 cm '(Ar-H); 890 cm™ (Si-OH); 846 cm ~'(Ar-H); 779, 717

cm! (Subst. Ar.); and 1660-1670 cm ™' (Non PAA structure band).

FTIR for SC-5 (KBr, cm™): 2967 cm ' (CH; asym. str.); 1781
em! (C=0 sym. str.); 1720 cm™' (C=0 asym. str.); 1585, 1477

60

70

10

=3

105

110

em’ (C=C str. arom.); 1371 cm™ (C-N str. imide); 1238, 1189
em ' (Ar—O-Ar), 1137 cm ™' (-CF;); 1064-1003 cm™ (Si-O-Si);
960 cm "'(Ar-H); 890 cm’! (Si—OH); 846 cm "'(Ar-H); 779, 717
cm’! (Subst. Ar.); and 1660-1670 cm ~' (Non PAA structure band).

Characterization

Fourier transform infrared (FTIR) spectroscopic measurements
were performed using a Magna-IR Nicolet 560 FTIR
spectrophotometer by incorporating samples in KBr disks. The
spectra were recorded in the range 4000-450 cm™ at a resolution
of 0.35 cm™. The data were calibrated with linear polystyrene
standards.

The phase transitions and thermal properties
characterized by differential scanning calorimeter (DSC), thermal
gravimetric analysis (TGA) and Dynamic mechanical analysis
(DMA). TGA was performed with a TA Instruments TGA 2050
thermo gravimetric analyzer (TA instrument Co.) at a heating rate
of 20 °C from room temperature to 900 °C under a continuous
flow of nitrogen. Thermal phase transitions of the polymers were
scanned by DSC 2910 (TA Instrument Co.) with a heating rate of
20 °C min" under nitrogen atmosphere flow. The dielectric
constants were determined using a NOVOCOOL Alpha-ANB
(Novocontrol Technologies GmbH & Co. KG) dielectric analyzer
with silver paint electrode, at the room temperature with scan
frequencies from 10° Hz to 1 Hz , and the reference was a
commercial Kapton® HN type PI (D, = 3.81 at 100 kHz). The
thickness of specimens was controlled to be 14-41. The
coefficient of thermal expansion (CTE) parallel to the film
surfaces were measured using a DMA Q800 dynamic mechanical
analyzer (TA Instrument Co.) in extension mode over a
temperature range from 25 to 320 °C with a force of 0.01 N. The
samples used for the measurements were 14 mm in length, 5 mm
in width, and 21-55 um in thickness.

UV-visible absorption spectra of films were measured on a
Lamba Bio-40 spectrometer (Perkin—Elmer). Cross-sectional
images of the polyimide hybrid films were studied by scanning
electron microscopy (SEM). The SEM images were obtained
using a S5500 microscope (Hitachi) operating at an acceleration
voltage of 5.0 kV.

Wwere

Results and Discussion

Synthesis and Characterization

By using PAA of the linear PI (Plgrpa.ape), hyperbranched
polyimide (HBPIgpapa-rapony) and TEOS, the hybrid ternary
composites with different compositions were prepared by the sol-
gel method. In the following discussion, the composites are
referred to as the SB series (PIGFDA-APB_HBPIBPADA-TAP(OH)'
10%_Si0,-0%~40%, SB-1~SB-5) and the SC series (Plgppa-
aps_HBPIgpapa-taron)-20%_Si0,-0%~40%, SC-1~SC-5). The
percentages given in the genetic abbreviations are the weight
percentage. As discussed below, the physical properties with
different contents of SiO, can be compared when the
concentrations of the hyperbranched polyimde are fixed at two
representative values 10% and 20%, respectively.

The FTIR spectra of the hybrid ternary composites and
HBPIgpapa-tap(on are shown in Fig. 1 (Fig. 1(a) and 1(b) for SB

4 | Journal Name, [year], [vol], 00—00
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and SC series). In the FTIR spectra, the absorption bands of
imide structure are clearly observed at 1785-1781 and 1731-1720
em’ for the symmetric and anti-symmetric stretching vibrations
of the carbonyl groups. There are no obvious absorption bands of
polyamic acid (PAA) between 1660 and 1670 cm’™’, which proves
that the PI precursors were fully imidized.

The FTIR spectra of hybrid ternary composite films show
some characteristics related to the SiO, network formation. The
sol-gel process containing TEOS can be viewed as a network
forming process. A very weak absorption appeared at 890 cm’
and strong absorption at 1071-1003 cm™ for the hybrid ternary
composite films (SB-2~SB-5 and SC-2~SC-5) are attributed to
the presence of a tiny amount of Si—~OH groups and dominant Si—
O-Si networks formed during the hydrolysis of alkoxy groups in
TEOS. Above results verify the not only PAA is completely
converted to PI and but also the SiO, networks are formed in the
organic-inorganic composite through the sol-gel process.

Absorbance

HBPI

BPADA-TAP(OH)

_-/M

3500 2000 1500 1000

Wavenumbers(cm”)

L1
77

(b)

SC-5
|SC-2

BPADA-TAP(OH) é% %3 § E ?%% ; éé %

b

Absorbance

SC-1
HBPI

1 ll’ﬂ' L '
3500 2000 1500 1000

Wavenumbers (cm”)

Fig. 1 FTIR spectra of HBPIgpapa-tarony and hybrid ternary composites,
(a) SB series, (b) SC series.

Although the spectral characteristics are similar for the
composites, there are some differences for their FTIR spectra. For
both SB-2~SB-5 and SC-2~SC-5, the spectra show a gradual
increase in absorbance at the bands around 1071-1003 cm™ (Si-
O-Si symmetric stretching vibrations) with the increase of TEOS
concentration in the precursors. Although there are a large
amount of hydroxyl groups in HBPIgpapa.raron) and silica
network of TEOS, the absorption bands related with the hydroxyl
groups can no longer be seen in the spectra after the sol-gel

w
by

40

45

transformation. It means that the hydroxyl groups in HBPIgpapa.
tapony participate in the inorganic silica network formation
process. The organic-inorganic interactions become stronger with
increasing of HBPIgpapa-tapom) concentration in the process.

Dielectric properties

Fig. 2 shows that the dielectric constants (Dy) of the composite
films and related materials measured in the frequency range from
10 Hz to 1 Hz and measured at a fixed frequency (100 kHz). The
dielectric constants show an increase with decreasing frequency,
which is a typical frequency dependence behavior of dielectric
properties,”” that can be described by Cole-Cole equation
model

£ —&w = (&-8)/[ 1 H(i0 )" ] ey
In above equation (1), &* is the complex dielectric constant, &
and ¢, are the dielectric constants at “static” and “infinite
frequency”, o = 2z times the frequency, and 7, is a generalized
relaxation time. The exponent parameter o can assume a certain
value between 0 and 1, in which the former case corresponds to
the result by Debye for polar dielectrics. 2*
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Fig. 2 Dielectric constant (D) of the hybrid ternary composite films and
related materials, (a) the SB series with scanning frequency from 10°to 1,
(b) the SB series measured at frequency = 100 kHz SC, (c) the SB series
with scanning frequency from 10° to 1, (d) the SB series measured at
frequency = 100 kHz.

Compared with the two Pls, the Kapton® HN type PI and
Plgrpa-app (S-1), the dielectric constants of the organic-inorganic
composites show a more significant dependence on the frequency
(Fig. 2(a) and 2(c)). Especially, for SB-4, SB-5 and SC-5, which
have the high concentrations of SiO,, significant dielectric
dispersion can be seen in the range from 10° to 1 Hz. It is caused
by the increased space charge polarization between organic and
inorganic phase. As it will be discussed below, the strong phase
separation between the inorganic silica networks and PlIs will
occur in case for the higher concentrations of SiO, without
sufficient HBPIgpapa-tapon) to stabilize the inorganic phase. In
the high frequency range (> 10°> Hz), the dielectric constants of
the composites, except those with strong phase separation (SB-4,

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5



RSC Advances

SB-5 and SC-5), are obviously lower than Plgepa.apg (S-1). It is
interesting to observe that HBPIgpapa.tapony shows a significant
effect to reduce the dielectric constant, which can be seen by
comparing the Dy values of SB-1 and SC-1 with that of S-1. For
s the hybrid ternary composites with a proper amount of SiO,, the
dielectric constants can be further reduced as shown by
comparing the D, values for SC-1 and SC-2.
This tendency can be more clearly seen from Fig. 2(b) and 2(d)
that give the dielectric constants of all the films measured at 100
10 kHz with the sample code as the ordinates. The dielectric
constant determined at 100 kHz is usually used to identify the
ability of the polarizable units to orient fast enough to keep up
with the applied current electric insulator device fields. When the
content of HBPIgpapa-taron) is fixed at 10 wt% and 20 wt% (for
15 SB and SC series), even without the addition of SiO,, HBPIgpspa-
tapon) Shows significant effect to reduce the dielectric constants.
After adding 10% SiO; into the system, the dielectric constants of
both series can further decrease. SB-2 (Plgppa-aps_HBPIon)-
10%_Si0,-10%) shows the smallest dielectric constant (D, =
20 2.26) in the SB series. For the SC series, the lowest value (D =

(Ol-1

25

30

35

40

(d-2)

236) is obtained for SC-3 (PIéFDA,APB_HBPI(OH)-ZO%_SiOZ-ZO%).
However, when the amounts of SiO, further increase, dielectric
constants gradually increase (SB-3~SB-5 and SC-4, SC-5) due to
the aggregation and inhomogeneous dispersion of silica network.

The effect of HBPlgpapa.taron) to reduce the dielectric
constants can be attributed to nano-scale cavities (typically
several angstroms in size) in the branched structure for
hyperbranched polymers.® " > Moreover, the HBPI component
can also enhance the homogeneous dispersion of silica in the
system, as it will be shown by the morphology observation and
the UV-Vis spectroscopy discussed below. Because HBPIgpapa.
TAp(OH) €an improve the inorganic-organic phase dispersion, it
plays a very important role not only in reducing the dielectric
constant of hybrid ternary composite films, but also in reduced
space charge polarization at the same time. This point can be
clearly seen from the curves for SB-2 and SC-2 in Fig. 2(a) and
2(c), which show less significant reliance on the frequency. The
SEM observation confirms HBPIgpapa.raron) can counter-
balance the tendency towards phase separation when SiO,
concentration is not too high.

(d-3)

Fig. 3 Typical SEM images of the hyperbranched polyimide with PI/SiO, hybrid ternary composite films, (a) SB-2, (b) SB-3, (c) SC-3, (d) SC-4; Scale
bar: 20 um (a-1), 10 um (b-1, c-1, d-1), Sum (a~d-2), 2um (a~d-3).
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Table 1 The parameters and properties of hydroxyl terminated hyperbranched polyimide with PI/SiO, hybrid ternary composites.

Transmittance DSC TGA
Sample Thickness® D" Awor 450nm/ 400nm/ T,/ 777/ T&™%  Rysoo®/ CTE*
pm nm % % °C °C °C % ppm °C”!
SB-1 PI_HBPIon-10% 27 2.36 316 92 77 205.0 538 561 57 38.3
SB-2 PI_HBPIon)-10%_SiO,-10% 14 2.26 327 16 6 196.3 527 557 53 26.6
SB-3 PI_HBPIon)-10%_Si0,-20% 24 2.67 327 2 1 197.6 487 552 58 20.9
SB-4 PI_HBPIon)-10%_Si0,-30% 39 2.75 326 1 1 199.8 478 553 53 15.9
SB-5 PI_HBPIon)-10%_Si0,-40% 18 3.22 328 1 1 201.6 352 538 62 17.7
SC-1 PI_HBPIon)-20% 40 2.65 325 86 65 202.8 517 552 57 329
SC-2 PI_HBPIo1)-20%_SiO»-10% 41 2.62 327 63 41 200.7 517 553 55 28.1
SC-3 PI_HBPIon)-20%_Si0,-20% 27 2.36 324 9 4 200.5 487 547 57 23.1
SC-4 PI_HBPIon)-20%_Si0,-30% 20 2.40 327 8 7 200.8 424 536 60 17.6
SC-5 P1 HBPIom-20%_Si0,-40% 36 3.50 326 1 0.5 200.1 379 531 62 20.8

“ The thickness of specimens for dielectric constant measurement.
» Measuring at frequency of 100 kHz.

¢ Temperatures at which 5% and 10% weight loss occurred, respectively, recorded by TGA at a heating rate of 20 °C/min and a N, gas flow rate of 25 cm®

min™!

¢ Residual weight percentages at 800 °C.
¢ The temperature range from 100 to 150 °C with a force of 0.01 N.

Morphology

Fig. 3 shows the typical SEM images of the selected
composites films. The silica loading and reinforcement binding
with PI6FDA-APB_HBPIBPADA-TAP(OH) matrix can be confirmed by
the morphology. Fig. 3(a) and 3(c) show improved phase
dispersion morphology between HBPIgpapa-rapon) and SiO,. It
can be seen that the hybrid ternary system displays good phase
dispersion between organic Pls and inorganic silica. When the
SiO, concentration is not too high, HBPIgpapa.tapom) can prevent
the observable phase separation of silica and lead to a
homogenous distribution of SiO, networks. However, when the
amount of SiO, is large, such as SB-3 and SC-4 (Fig. 3(b) and
3(d)), the SEM images evidence the unbounded silica particles
and the interfacial voids by the weak interaction between the
organic phase and silica inorganic phase. . The aggregated silica
phase can be seen as spherical particles with an average diameter
increasing from 300 nm in SB-2 to 3 pm in SB-3 and from 400
nm in SC-3 to 2 um in SC-4 with the increase of the amount of
Si0,, respectively.

Optical properties

The optical transparency of all the hybrid ternary composites (SB
and SC series) and Plgrpa.app films (S-1), was measured with
UV-Vis spectroscopy. Fig. 4 shows the UV-Vis transmission
spectra. The cutoff wavelengths (absorption edge, Acyo) and
transmittance at 450 nm and 400 nm obtained from these spectra
are listed in Table 1.

By comparing the UV-Vis spectra of the PIs (S-1, SB-1, SC-1)
with composites, i.e., SB Series (Plsrpa-aps_HBPIgpapa-tarony-
10%_Si0,-0%~40%) and SC series (Plgrpa.aps. HBPIgpapa-
tapon)-20%_Si10,-0%~40%), it can be seen that the transparency
of the films decreases with the increase of the SiO, content. The
inorganic silica phase in the system causes light scattering at
widely wavelength region with the increase of the inorganic silica
content and results in the opacity of the films. This is consistent
with the morphology observed by SEM. On the other hand, when
the content of HBPIgpapa.tapon increases from 10 to 20 %, the
transparency of films was significantly improved at the same

45 S10, content. This effect is obvious when comparing the

transmittance of SB-2 and SC-2 as well as the other samples in
the SB and SC series.
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so Fig. 4 UV-Vis spectra of the hybrid ternary composite films and PIs from

800 to 320 nm wavelength, (a) SB series (Plgrpa-aps. HBPIgpapa-
TAP(OH)—IO%_Si02—0%~4O%) and (b) SC series (PI6FDA-APB_HBPIBPADA-
TAP(OH)-2O%7SiOz-O%~4O%) group.
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Fig. 5 DSC (a, d), TGA (b, e) and CTE (c, f) curves of the hybrid ternary composite films and PIs, (a), (b), (c) SB series (Plgrpa-aps_ HBPIgpapa-tarom)-
10%_5102-0%~40%) and (d),(e), (D Series SC (PIGFDA.APB_HBPIBPADA.TAP(OH)—20%_Si02—0%~40%).

All the results of dielectric measurements, morphology
observation, and UV-Vis spectroscopy indicate that the
HBPIgpapa-tarom) has an apparent effect to reduce the phase
separation between organic PIs and inorganic silica. This effect
can be attributed to the hydroxyl groups of HBPIgpapa-taron)
which introduce the linkage with the silica network and reduce
the phase separation between PI and silica network. HBPIgpapa.
tapony 1S compatible with Plgrpa.aps through intermolecular
hydrogen bonding and other intermolecular interactions. It can be
linked to the inorganic silica networks during transformation of
TEOS from Si—OH to SiO,. This enhanced interaction among the
components can effectively reduce the light scattering by
minimizing the size of silica phase.

Thermal properties

The thermal phase transition behavior of the hybrid ternary
composites and PIs was investigated by DSC as shown in Fig.
5(a), (d), and those summarized at Table 1. It can be seen that
only single glass transition temperature T, is observed for all the
films. The SB and SC series show T, values in the ranges 205.0
to 196.3 °C and 202.8 to 200.1 °C, respectively. After
incorporating HBPIgpapa.tapon or/and SiO, in the composites,
the T,s of materials vary in few degree scale compared with that
of the linear PI (S-1). It indicates that the addition of HBPIgpspa.
tapony and SiO, components does not show obvious effects on
the glass transition temperature.

The thermal decomposition of the hybrid composites and Pls

was monitored by the TGA analysis. The results are shown in Fig.

5 (b), (e) and also summarized in Table 1. The residual weights of

35

w
=

60

series SB and SC are nearly 100 % for all the samples below
300 °C. The 5% and 10% weight losses for Plgrpa_spg are 549
and 571 °C, respectively. When 10% and 20% of HBPIgpapa-
Tap(on) €Xist, the 5% weight loss decreases to 538 and 517 °C for
SB-1 and SC-1, and the 10% weight loss decreases to 561 and
552 °C, respectively. It means the thermal stability decreases
when adding the hyperbranched PI into the systems. For the
hybrid ternary composites, the thermal stability decreases with
the increase of the inorganic component. When the HBPIgpapa.
Tapcom) content is 10%, the 5% and 10% weight losses are 527
and 557 °C for 10% of SiO, (SB-2). When the HBPIgpapa-tap(on)
content is 20%, the 5% and 10% weight losses are 517 and
553 °C for 10% of SiO, (SC-2). When the SiO, content further
increases, the thermal stability shows a more obvious decrease.
Especially, when the SiO, content is 40%, the 5% weight loss of
the composites decreases to 352 and 379 °C for SB-5 and SC-5,
and the 10% weight loss decreases to 538 °C and 531 °C,
respectively. These observations are attributable to the
incomplete hydrolysis reaction of TEOS during the sol-gel
process when the concentration is too high.

The thermal expansion curves are shown in Figs. 5(c), (f), and
the CTE values are listed in Table 1. The dramatic increase at
higher than 200 °C is related to the glass transitions as revealed
by the DSC analysis. Typical CTE values for conventional Pls
are 30 to 60 ppm °C”" 32 and our previous study has shown that
the CTE for Plggpa.aps (S-1) is 37.1 ppm °C! in the range of
100-150 °C." According to previous articles and our study, '*>
33 the small CTE values are mainly attributed to the polymer
structure and composite compositions. If it has a relatively rigid
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or planar structure in the backbone like Kapton® HN type PI
(CTE =32 ppm °C™" in the range of 100-200 °C), the CTE can be
lowered. However, such structures often cause intra- and
intermolecular charge-transfer (CT) interactions leading to
yellowish color.** On the contrary, the bulky side groups and
kinked structures in the backbone of Plgpa.app (S-1) effectively
suppress preferential in-plane orientation and stretching of the
main chains, which slightly increases the CTE, but affords
transparent and colorless films owing to the suppressed CT-
interactions.” The CTEs of SB-1 and SC-1 are larger than that X
of linear PI (S-1), and the CTE of SB-1 is larger than SC-1 with
increasing the amount of HBPI o). This is attributed to the facts
that HBPI oy, includes not only bulky —CH; groups but also
increased free volume with hyperbranched structure. They have
many hydroxyl terminated groups which can form hydrogen
bondings with linear PI backbone matrices.”’

With incorporation of inorganic silica components, CTE of the
hybrid ternary composites is effectively reduced due to three-
dimensional cross-linking structures and intrinsically small CTE
of silica. Even with 10% of SiO,, the CTEs of SB-2 and SC-2
were reduced to 26.1 and 28.1 ppm °C’', respectively. There
exists covalent bondings and intense molecular interactions by
hydrolysis reaction with containing silica materials between
linear PI backbone and HBPIgp, of which partial hydrogen
bonding of HBPI oy, with linear PI backbone is dispersed into the
silica networks. The CTE of the SB-4 (Plgrpa.aps. HBPIgpapa-
tapon)y-10%_Si0,-30%) is the smallest in the series, which is
15.9 ppm °C™' compared to 37.1 ppm °C™' of PI with the decrease
by 59%. The SC-4 (PIGFDA-APBiHBPIBPADA-TAP(OH)'2O%_SiOZ'
30%) also shows a significant reduction from 37.1 ppm °C for
the linear PI to 17.6 ppm °C”', which is reduced by 52%. As a
result of the formed silica network, the CTE values reduce with
the increasing amount of inorganic silica in the composites. The
CTEs of SB-5 and SC-5 are larger than those of the other hybrid
ternary composites, which is attributable to the macro-phase
separation with too high SiO, concentrations. The residual stress
induced by CTE mismatch between PI and glass substrate could
sometimes affect the CTEs of the resultant films even after
peeling from the substrates.’® The CTEs of Pl/silica hybrids
might be affected by glass substrate having small CTE. However,
we believe that the effect should be minor compared with the
factors discussed above.

Based on the above result, a 30% amount of SiO, is required to
reach the lowest value of CTE (SB-4 and SC-4). On the other
hand, a lower SiO, content is suitable to achieve the optimized
dielectric property and optical transparency. It can be seen that
inorganic silica can be complementary at CTE drawbacks of the
binary system (SB-1 and SC-1). Even a 10% amount of SiO, can
reduce the CTE value significantly. On the other hand,
HBPIgpapa-taron) has an effect to reduce Dy and prevent the
organic-inorganic phase separation in a certain range. Therefore,
the properties of the hybrid ternary composites can be optimized
dependent on the potential applications.

Conclusion

The properties of two series of the hybrid ternary composites
composed of Plgrpa-aps, HBPIgpapa-Tapom), and various amounts
of SiO, are systematically investigated. In a proper composition
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of HBPIgpapa-taron) and SiO,, the lowest dielectric constant (D)
was achieved for the hybrid ternary composite. The Dy of SB-2
(PIGFDA-APB_HBPIBPADA-TAP(OH)'10%_Si02'10%) reaches the
lowest value of 2.26 in the series. The effect of HBPIgpapa.
tapon) to reduce the Dy vales can be attributed to nano-scale
cavities in the branched structure for the hyperbranched polymers
as well as its ability to prevent the organic and inorganic phase
separation. The optical transmittance of the hybrid ternary
composite films is significantly improved by incorporation of
HBPIgpapa-rapcon). It is caused by the effect of HBPIgpapa-tap(on)
to reduce the size of silica particles through enhanced interactions
among the components. The best result in the hybrid ternary
composite films is obtained for SC-2 (Plgrpa.aps HBPIgpapa-
tapon)-20%_Si0,-10%), which shows the transmittance 63% at
450 nm. By adding silica component, the CTE of the hybrid
ternary composites are significantly smaller than that of linear PI
(Plgepa-aps).  SB-4  (Plerpa.aps_HBPIgpapa tapon)-10%_SiO,-
30%) shows the smallest CTE of 15.9 ppm °C™ in the series. By
comparing to the CTE of 37.1 ppm °C" for Plgpa.app, it is
reduced by 59%. The hybrid ternary composite films fabricated
with HBPIgpapa-tapony Or/and inorganic silica are promising
materials with the improved characteristics of dielectric, optical
and thermal resistant properties, which is quite satisfied to meet
the requirements for interlayer dielectrics in advanced electronic
devies.
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Graphical Abstract

The hybrid ternary composites with low dielectric constant and high thermal
stability were fabricated through composition optimization by introducing suitable
amounts of inorganic silica and hyperbranched polyimide into a linear polyimide

system.

PI/HBPI )\10%Si0:20%
BEaE -
< %

(oH)

\ 5 4

0%_3i0:-20% varory o) 20% Si0]-30%

‘PLHBPI, -2 ‘.3

Inorganic Silica linkage Particle




