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Introduction

Constructing high-performance low-temperature
curable Pl materials by manipulating the side
group effects of diaminet

Shan Huang,+°° Xialei Lv,+° Yao Zhang,? Jinhui Li,
Zimeng He,” Tao Wang,” Guoping Zhang 2 ** and Rong Sun

*@ Shilu Zhou,? Siyao Qiu,?

a

To date, low-temperature curable polyimide (Pl) materials have been in great demand in the field of
advanced packaging. However, their synthesis is still a challenge due to the distinct structural design
contradiction between the low-temperature curing ability and other desired properties. In this work, we
designed and synthesized two novel diamines with different side groups (phenyl and pyrimidine rings),
named PhNH, and SPMNH,, and applied them to construct high-performance PI. Inspired by our
previously reported pyrimidine based diamine PMNH, (X. Lv, S. Qiu, S. Huang, K. Wang and J. Li,
Polymer, 2022, 261, 125418), we tried to explore the impact of nitrogen heterocycle position (in the side
group or main chain) on low-temperature curing ability. Compared with the typical diamine complex
with nitrogen heterocycles in the main skeleton, the well-designed pyrimidine side group endowed the
PI films with a highly improved imidization degree (ID) and excellent thermal and mechanical properties
at a low curing temperature (200 °C). It should be noted that the configurations and the side group
effects of diamine could modulate the temperature of polymerization and the structure of polymers,
which further influenced the final performance of Pl films. The copolyimide films based on SPMNH,
exhibited a high elongation of 103.4%, Young's modulus of 3.20 GPa, tensile strength of 147 MPa, 5wt %
decomposition temperature (Tgsy) of 524 °C, and a glass transition temperature (Tg) of 359 °C, which
was much better than that for Pl film copolymerization with PhNH, or PMNH, cured at 200 °C.
Experimental results and theoretical calculations showed that the introduction of pyrimidine side groups
allowed for a better catalytic effect in the reaction system, and stronger intermolecular force between
the polymer chains. This is the first report about the side-group effects on low-temperature curable Pl
films, which should be enlightening for the design of novel and high-performance diamines applied for
advanced packaging and other fields.

attention from researchers and industries due to its low-cost
and high /O courts.® PI serves as the pivotal redistribution

With the development of the integrated circuit industry, poly-
imide (PI) has been extensively applied in the microelectronics
field for its outstanding properties."™* Traditional polyimide
needs to be heat cured above 350 °C to ensure excellent
performances, which limits its application in some processes
of semiconductor manufacturing.®” For example, the fan-out
wafer level package (FOWLP) has attracted widespread
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layer (RDL) of FOWLP, yet it is required to be cured below
250 °C to avoid wafer warpage and improve the reliability.” ™"
As such, the low-temperature curable PI materials are expected
to possess suitable properties for specific practical application
scenarios, for instance, junction materials for transistors,
directional film materials for liquid crystal displays, and cover
materials for tape automatic bonding. In this regard, incorpor-
ating low-temperature curing ability and good thermal/
mechanical properties is an urgent demand in the field of
semiconductor packaging.

According to previous research studies, it is clear that
designing new monomers is currently the most promising
method to obtain low-temperature curable polyimide at low cost.
In general, the monomers with flexible structures or nitrogen
heterocycles are designed to prepare low-temperature curable
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polyimide. The flexible structures improve the mobility of the
molecular chains and reduce the interaction between polymer
chains, which facilitates the lowering of the curing temperature of
the polyimide.’*™® Leu et al. introduced flexible groups and a
large side group naphthalene in the monomer to increase the
chain activity and break the conjugated system of the molecular
backbone, which effectively reduced the curing temperature to
180 °C.'® Besides, the nitrogen heterocycle could increase the
nucleophilicity of diamines to attack carbonyl carbon, facilitate
the acylation reaction and decrease the curing temperature as
reported.’>* Artem’eva et al. investigated the catalytic action of
the pyrimidine fragments in the process of imidization, and they
considered that there were two influences of the pyrimidine ring
on thermal curing: (1) the energy barrier of imidization might be
decreased by this ring and (2) the pyrimidine ring could be
conducive to more rapid and complete resynthesis of polyamide
acid partly damaged by thermocyclization.”® Subsequently, Li
et al. reported pyrazine based diamine, and prepared a series of
low-temperature curable PI films with an ID of about 73.1% when
curing at 200 °C.*" Sui et al. introduced 5-aminobenzimidazole as
the terminal group to lower the curing temperature of PI films,
which realized a high ID, and obtained PI films with tensile
strength 93 MPa and elongation 15% at 200 °C.>* These reports
confirmed the effectiveness of nitrogen heterocycles in lowering
the curing temperature of polyimide. However, few researchers
have studied the effect of substitution sites of nitrogen hetero-
cycles on reducing the curing temperature of polyimide until now.

In this work, we designed two new diamines with different side
groups (phenyl and pyrimidine rings), named 4,4'-([1,1’-biphenyl}-
2,4-diylbis(oxy))dianiline (PhNH,) and 4,4'-((4-(pyrimidin-5-yl)-
1,3-phenylene)bis(oxy))dianiline  4,4’-((4-(pyrimidin-5-yl}-1,3-phenyl-
ene)bis(oxy))dianiline (SPMNH,), and used a diamine containing
pyrimidine ring without side groups named 4,4’-(pyrimidine-2,

" HZNO OOONﬂz
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4-diylbis(oxy))dianiline (PMNH,), which was reported in our pre-
vious research as a contrast compound.®® Serving as side groups,
pyrimidine rings may approach the reactive centers (the amido acid
fragments) more easily and thus provide better catalytic function at a
lower curing temperature. Moreover, the bulky side group phenyl
has a certain impact on reducing the curing temperature, whereas
PhNH, showed an ID of 97.6% at 200 °C curing temperature. In
addition, the pyrimidine ring present in the side group could be
bound to the amido acid fragments of neighboring chains by
hydrogen bonds and further increase the intermolecular interaction
in copolymer polyimide (co-PI) films compared to the pyrimidine
rings situated in the main chain. Above all, this work presented a
new strategy for the structural design of diamine monomers and
investigated the positional effect of pyrimidine units in diamines on
reducing the curing temperature of polyimide, which further
enriched the available material systems applied in the microelec-
tronics industry.

Results and discussion
Synthesis and characterization of monomers

The designed monomers of PhNH, and SPMNH, were synthe-
sized by the nucleophilic aromatic substitution reaction,
Suzuki-Miyaura reaction and reduction reaction as shown in
Scheme S1 (ESIt). The synthetic yields were beyond 80% and
the intermediates and end products were confirmed by nuclear
magnetic resonance (NMR) and high-resolution mass spectro-
metry (HRMS) as described in the ESIf (see Fig. S1-S8). High-
performance liquid chromatography (HPLC) was also per-
formed to estimate the purity of PhNH, and SPMNH, as shown
in Fig. S9 (ESIt) and their purity was beyond 97%. In this work,
we used a two-step thermal imidization procedure to prepare all
PI films as described in the experimental part and their
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Fig. 1 Synthesis routes of the co-PI films.
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synthesis routes are depictured in Fig. 1. The molecular weight
of the resulting polyamide acid (PAA) was tested by gel permea-
tion chromatography (GPC) as seen in Table S1 (ESIt), and all
PAA solutions showed suitable M, above 60000 Da, which
indicated the reasonability of the polymerization conditions.

Infrared analysis and XRD patterns

The FTIR spectra of the co-PI films are shown in Fig. 2 and
Fig. S10 (ESIf). The co-PI films cured at 200 °C exhibited
characteristic absorption bands near 1780 em™~" (C—O asym-
metric stretching of imide rings), 1720 cm™ ' (C—=O0 symmetric
stretching of imide rings), 1380 cm ™' (N-C-N of imide rings)
and 725 cm™' (imide ring deformation). According to the
reported methods,**® the degree of imidization (ID) was
calculated from the integral area of the four characteristic
peaks of the imide ring mentioned above and the benzene ring
as an internal standard at 200 °C and 350 °C, and the variation
trend of IDs with the change in doping ratios is shown in Fig. 2¢
and d. Increased IDs were observed for co-PI films compared to
the control sample PI-200 (ID350 = 86.9%), suggesting that the
introduction of bulky side groups (phenyl and pyrimidine
rings) affected molecular chain movement, and contributed
to lowering of the curing temperature of PI films. However, the
IDs of (PhNH,/ODA)/PMDA co-PI films showed a decreasing
trend from 10 wt%. This result indicated that excessive bulky
side groups would impede the movement of molecular
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chains,?*?® which might be detrimental to the imidization
process. Similarly, PI-SPM;,0,-200 had the highest ID;34, of
98.3%, and the IDs also exhibited first an increasing trend
and then a decreasing trend with the additives SPMNH,. This
manifested that it was a battle between the nitrogen hetero-
cycles of SPMNH, promoting the process of thermal imidiza-
tion and excessive bulky side groups reducing the motility of
molecular chains. Moreover, the same proportion of SPMNH,
had higher ID compared to that of PMNH, (ID;3g0 = 92.8%),
demonstrating that the pyrimidine side group was more con-
ducive to lower curing temperature.

To further analyse the packing states of the molecular
chains, the XRD patterns of co-PI films were measured and
are illustrated in Fig. 3 and Fig. S11 (ESIt). The broad diffrac-
tion peaks of 20 of PI-200 were located near 19°, indicating its
amorphous nature. According to Bragg’s law, the d-spacing
values between the molecular chains were estimated (see
Table 1 and Table S2, ESIt). Low-temperature curable co-PI
films with PhNH, or SPMNH, showed larger d-spacing values
compared to PI-200 due to the increased free volume of the
molecular chains derived from the side groups. However, the
d-spacing values of (SPMNH,/ODA)/PMDA co-PI films were
smaller than those of (PhNH,/ODA)/PMDA co-PI films, con-
firming that the pyrimidine ring generated more hydrogen
bonding between molecular chains and facilitated the for-
mation of the imide ring. Moreover, although PMNH, did not
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Fig. 2 FTIR spectra of (a) (PhNH,/ODA)/PMDA co-PI films cured at 200 °C and (b) (SPMNH,/ODA)/PMDA co-PI films cured at 200 °C and trend of
different IDs of (c) (PhNH,/ODA)/PMDA co-PI films cured at 200 °C and (d) (SPMNH,/ODA)/PMDA co-PI films cured at 200 °C.
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Fig. 3 XRD patterns of (a) (PhNH,/ODA)/PMDA co-PI films cured at 200 °C and (b) (SPMNH,/ODA)/PMDA co-PI films cured at 200 °C.

Table 1 Detailed data of ID13g0, d-spacing, CTE and dichroic ratios of the resulting PI films cured at 200 °C

Sample name D3350 (%) d-Spacing (A)

CTE (ppm K1)

Dichroic ratio Diamine ratio (n)

PI-200 86.9 4.67 26
PI-Phs0,-200 96.8 4.82 27
PI-Ph; 0,-200 95.1 4.82 27
PI-Ph,0,-200 93.6 4.87 38
PI-SPMs0,-200 95.6 4.79 27
PI-SPM, 0,200 98.3 4.82 29
PI-SPM,0,-200 96.5 4.82 29

contain bulky side groups, the d-spacing values of (PMNH,/
ODA)/PMDA co-PI films were higher than those of the corres-
ponding (SPMNH,/ODA)/PMDA co-PI films. This result demon-
strated that the pyrimidine side group endowed co-PI films
with stronger intermolecular forces, and played a positive role
in lowering the curing temperature.

Thermal properties

To gain insight into the dimensional stability of PI films, the
coefficient of thermal expansion (CTE) values were tested by
TMA, and the curves are illustrated in Fig. 4 and Fig. S12
(ESIT).*™** Compared to PI-200, the CTE of co-PI films
increased from 27 ppm K ' to 38 ppm K ' with the addition
of PhNH, due to gradually increased free volume and disturbed
arrangement of molecular chains. However, for (SPMNH,/
ODA)/PMDA co-PI films, the values of CTE were maintained
at around 29 ppm K ' even when the amount of SPMNH,
reached 20%, which suggested that the electrostatic interac-
tions of the pyrimidine ring neutralised the negative effect of
the bulky side group partly on CTE values.**® The CTE value is
closely related to the in-plane orientation of molecular chains
as previously reported.*® Therefore, we characterized in-plane
orientation of the PI films by linearly polarized IR spectroscopy
and calculated the dichroic ratio (R) to further estimate the
arrangement of molecules (see Fig. S13 and S14, ESI{). R was
evaluated from the absorbance area of IR at angles of polariza-
tion 0°, 90° and 180° according to the reported method.*”®
With the addition of diamines containing bulky side groups,

4932 | J Mater. Chem. C, 2023, 11, 4929-4936

2.36 ODA

2.17 ODA:PhNH, = 9.5:0.5
2.13 ODA:PhNH, = 9.0:1.0
2.09 ODA:PhNH, = 8.0:2.0
2.13 ODA:SPMNH, = 9.5:0.5
2.10 ODA:SPMNH, =9.0:1.0
2.09 ODA:SPMNH, = 8.0:2.0

the R values of (PhNH,/ODA)/PMDA co-PI films tended to
decrease rapidly, while the R values changed slightly for
SPMNH, based PI films. Therefore, the results of in-plane
orientation of PI films matched well with the variation of
CTE. The thermal stability including the thermal degradation
temperatures of 5% and 10% (T4se, and Tg199,) Were measured
by TGA in a nitrogen atmosphere and are shown in Fig. 4,
Fig. S15, Table 2 and Table S3 (ESIT). The Tgsq, of all co-PI films
was beyond 500 °C, and much higher than that of PI-200
(420 °C), which could be credited to the highly improved ID.
For (PhNH,/ODA)/PMDA co-PI films, the Tgso, values showed a
gradual increasing trend from 507 to 530 °C with an increase in
PhNH, due to the increase in the benzene ring content. More-
over, (SPMNH,/ODA)/PMDA co-PI films exhibited higher Tyso,
values compared to (PMNH,/ODA)/PMDA co-PI films, which
was in line with the stronger intermolecular interactions
derived from the pyrimidine side group.?*733:394°

Mechanical properties

The mechanical performances of PI films are a further criterion
to evaluate the low temperature curing property. Besides, the
significant improvement in the mechanical properties based on
these low temperature curable co-PI films was one of the
highlights of this work. The Young’s modulus (E) and elonga-
tion at break (¢p,) of the PI films were improved apparently with
the addition of PhNH, or SPMNH,, which could be explained
by the higher ID and toughening effect of side groups, as shown
in Fig. 5, Fig. S16, Table 2 and Table S3 (ESI}). In addition, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 TMA curves of (a) (PhNH,/ODA)/PMDA co-PI films and (b) (SPMNH,/ODA)/PMDA co-PI films; TGA curves of (c) (PhNH,/ODA)/PMDA co-PI films

and (d) (SPMNH,/ODA)/PMDA co-PlI films.

Table 2 Mechanical, thermal properties and other properties of the resulting Pl films cured at 200 °C

Thermal properties

Mechanical properties

Other properties

TGA TMA DMA

Td,5% Td,10% Ty Omax &b E Dy Dy Contact angle
Sample [°C] [°C] [C] [MPa] [%] [GPa] [-] [%] [']
PI-200 420 546 412 154 47.9 2.87 3.55 4.34 62.4
PI-Ph;,-200 507 552 361 131 54.8 2.89 3.41 2.39 72.5
PI-Ph; 40,-200 527 557 360 125 46.8 2.90 3.45 2.44 73.1
PI-Ph,0,-200 530 559 344 119 72.4 2.99 3.40 2.13 77.8
PI-SPM;,,-200 509 548 362 132 36.9 3.13 3.26 3.87 70.6
PI-SPM 9,-200 524 558 359 147 103.4 3.20 3.42 4.91 69.9
PI-SPM,0,-200 515 551 339 126 63.0 3.27 3.46 2.87 71.2

tensile strength (oyax) of co-PI films was lower than that of
PI-200 due to a higher degree of branching and increased
distance of molecular chains, which coincided with the d-
spacing values. It is worth noting that the g, of (SPMNH,/
ODA)/PMDA co-PI films was significantly less affected by the
negative effects of the side groups than that of co-PI films with
PhNH,, owing to smaller d-spacing and more regular arrange-
ment of co-PI molecular chains on introducing SPMNH,. In
particular, PI-SPM,¢,-200 exhibited outstanding mechanical
properties among them, such as high Young’s modulus
(3.20 GPa), high tensile strength (147 MPa) and desirable
elongation at break (103.4%), which was 116% higher than
that of PI-200 and 54% higher than that of PI-350. As is well
known, it was difficult achieve both high elongation at break

This journal is © The Royal Society of Chemistry 2023

and excellent tensile strength in low-temperature curable PI
films, whereas SPMNH, helped achieve satisfactory mechanical
properties due to the reasonable structure design. Except for
this, both the thermal and mechanical properties of SPMNH,
based low-temperature curable PI films showed the best per-
formances among the reported PI films (as summarized in
Table 3).

Theoretical calculations

To further evidence the catalytic activity in the polymerisation
process, the chemical activity and alkalinity of the diamine
monomer were investigated by theoretical calculation.*®*”
Herein, to further probe the relationship between the struc-
tures and the effects on lowering curing temperature, the pK,

J. Mater. Chem. C, 2023, 11, 4929-4936 | 4933
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Fig. 5 Typical stress—strain curves of (a) (PhNH,/ODA)/PMDA co-PlI films and (b) (SPMNH,/ODA)/PMDA co-PI films and detailed data of mechanical
properties of (c) (PhNH,/ODA)/PMDA co-PI films and (d) (SPMNH,/ODA)/PMDA co-PI films.

Table 3 erformance of the reported low temperature curable PI films

Thermal Mechanical

properties properties Curing conditions

TL Td,S% Omax Ep E Tc

Ref. [°’C] [°’C] [MPa] [%] [GPa] [°C] Accelerator Dosage
41 — 480 — — — 280 Et3N 66.7%
42 225 510 — — — 220 QL 700%
13 289 592 112 75.5 1.27 200 QL 200%
12 — 545 134.82 145.16 1.66 200 QL 150%
12 — 456 105.40 45.37 1.01 200 IQL 150%
43 271 543 89 5.5 2.21 320 — —

44 272 546.1 — — — 300 — —

21 271 551 109 7.0 3.3 200 — —

21 291 546 122 8.6 3.5 200 — —

45 292 558 150 14.3 3.1 200 — —

18 281 — — — — 160 — —
PI-Ph,o,-200 344 530 119  72.4 2.99 200 — —
PI-SPM 9o, 359 524 147 103.4 3.20 200 — —

200

values and electron-donating abilities of PhNH, and SPMNH,
were evaluated according to the reported methods,*®*° as
shown in Fig. 6. First, the calculated pK, values of PhNH,
and SPMNH, were 12.27 and 15.28, respectively, which demon-
strated that the alkalinity of SPMNH, was superior to that of
PhNH, due to the presence of a pyrimidine ring, and it played a
positive role in promoting the low-temperature curing ability as
a base catalyst by decreasing the energy barrier. Second, the
density functional theory (DFT) calculation results showed that
PhNH, had shallower HOMOs (—5.81 eV) than SPMNH,
(—5.85 eV), which could be attributed to the fact that the

4934 | J Mater. Chem. C, 2023, 11, 4929-4936
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Fig. 6 Calculated pK, values and HOMO/LUMO distributions of PhNH,
and SPMNH,.

pyrimidine ring is a typical electron-withdrawing group. In
addition, the dosage of PhNH, achieving the maximum ID in
co-PI films was lower than that of SPMNH,, which might be
explained by the better reactivity of PhNH,. Therefore, the
alkalinity and electron-donating ability are two positive factors
in promoting the imidization process, and needed to be con-
sidered in designing new diamines.

Electrical properties

With the rapid development of 5G communications, the elec-
tronic packaging materials with low dielectric constants (Dy)

This journal is © The Royal Society of Chemistry 2023
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and dielectric loss (Dg) at high frequency received increasing
attention. Accordingly, the Dy of PI films was particularly
associated with ID, polarizability and free volume of molecular
chains.>®™* The Dy and D values of the samples at 10 GHz were
tested and are shown in Table 2 and Table S4 (ESIt). For PI-
SPM,-200 (X = 5%, 10% or 20%), the D, values were in the range
of 3.26 to 3.46. In particular, PI-SPM;.,-200 (Dy = 3.26) had the
lowest Dy among the PI films cured at 200 °C, due to the
increased free volume and ID compared to that of PI-200.
However, when the amount of SPMNH, was up to 20 wt%,
the Dy of (SPMNH,/ODA)/PMDA co-PI films increased rapidly,
which could be attributed to the polarity of the pyrimidine ring.
In addition, all low-temperature curable co-PI films showed Dy
below 0.05, which was far from being applicable, and would be
further reduced in our following work. The water contact angles
of the PI films cured at 200 °C are listed in Table 2. Obviously,
the addition of PhNH, or SPMNH, was beneficial to increase
the water contact angles of the PI films due to the decrease in
residual polar groups owing to improved IDs.

Experimental section
Preparation of ODA/PMDA PI films

10 mmol (2.0024 g) of ODA and 24 mL of DMAc were added into
a three-necked flask in turn, followed by continuous mechan-
ical stirring under nitrogen at room temperature until ODA was
completely dissolved. After that, 10.00 mmol (2.1812 g) of
PMDA was slowly added into the above solution in two parts
and the solid content of reaction solution was maintained at
15%. Then, the PAA solution named PAA-0 was spin-coated on a
clean glass after sufficiently stirring for 20 h and degassing. Next,
the PI films underwent different thermal curing processes. And,
200 °C and 350 °C were chosen as their final curing temperatures,
named PI-200 and PI-350. The heating process of PI films was as
follows: the heating speed was 5 °C min~' and maintained at
100 °C for 1 h, 200 °C for 1 h, 300 °C for 1 h, and 350 °C for 1 h, or
100 °C for 1 h and 200 °C for 3 h, respectively.

Preparation of (PhNH,/ODA)/PMDA and (SPMNH,/ODA)/PMDA
co-PI films

To investigate the effect of side groups on lowering the curing
temperature and obtain PI films with excellent properties, a
series of co-PI films based on ODA and PMDA system copoly-
merization with new diamines were prepared. The PAAs were
synthesized with different ratios of PhNH, or SPMNH, to the total
molar amount of diamines, 5%, 10% and 20%, and the prepared
films were named PI-Ph,y or PI-SPM,-, where x indicated the
ratio given above and y represented the final curing temperature.
The co-PI films of PMNH, were prepared as a contrast group and
cured by the same procedure as PhNH, and SPMNH,.

Conclusions

The introduction of nitrogen heterocycles is an advantageous
method for the preparation of low-temperature curable

This journal is © The Royal Society of Chemistry 2023
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polyimide. Herein, the effect of substitution sites of nitrogen
heterocycles on low-temperature curing ability was investigated
by comparing three different diamine structures. The introduc-
tion of a suitable amount of bulky side groups in polyimide can
affect molecular chain alignment, thus exerting a certain low-
temperature curing effect in the absence of nitrogen hetero-
cycles. We have also proposed the possibility that the pyrimi-
dine side group has better low-temperature curing ability and
could substantially improve the mechanical and thermal prop-
erties of low-temperature curable polyimide compared to when
the pyrimidine ring is placed in the main chain. The novel
diamine structure with a pyrimidine side group has enabled us
to obtain low-temperature curable polyimide with an ID of
98.3%. Meanwhile, PI-SPM, ,-200 exhibited excellent mechan-
ical and thermal properties among all the prepared co-PI films
(Young’s modulus of 3.20 GPa, an elongation of 103.4%, a
tensile strength of 147 MPa, a Tgs, of 524 °C, a T of 359 °C and
a CTE of 29 ppm K '). We expect that this contribution will
further enrich design strategies for low-temperature curable
structures and provide a highly promising PI material applied
in the fan-out wafer level package industry and other fields.
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