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Abstract

Polyimide (Pl)/titanium dioxide (TiO,) composite nanofibers (NFs) with average diameters of 200-250 nm were syn-
thesized via electrospinning. The total number density of dipoles decreased significantly, owing to the porous structures
and compact interface between TiO, NPs and Pl matrix. All PI/TiO, NFs maintain low dielectric constants and losses. For
example, the dielectric constants of PI/TiO,-6% NFs are all lower than 2.6, being exposed to temperatures from 25°C to
200°C. Meantime, the dielectric losses of PI/TiO,-6% NFs are below 0.005. For ultraviolet (UV)-light shielding perfor-
mance, the PI/TiO, NFs exhibited good UV-light shielding and corresponding anti-photoaging properties. The reason can
be ascribed from high UV-light absorption and scattering ability in the TiO, NPs. The best UV-light absorption (average:
3.71) and corresponding absorption decay (15.13%) were achieved for optimized PI/TiO,-6% NFs. Other fundamental
characteristics, such as the thermal stability, mechanical tensile property, and hydrophobicity, were also investigated. Such
low dielectric constant PI/TiO, composite NFs can be alternatively chosen under a longtime UV-light exposing condition.
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Introduction

Pursuing high performance of low-k materials is always a
key part for the development of electronics. For example, it
has been proved that low-k materials as the core component
can reduce interconnect resistive-capacitive (RC) delays,
cross-talk noise, and power consumption in the ultra
large-scale integrated circuits. Nowadays, exploring poly-
imide (PI) with high-performance low-k properties has
received great enthusiasms due to its high thermal stability,
mechanical properties, and chemical inertness.'™ PI has
been used as interconnect dielectrics for over half a century
due to its high thermal stability, mechanical properties, and
chemical inertness.””’ However, commercialized PI prod-
ucts such as Kapton H, Upilex-S, ULTEM 1000 present
high dielectric constant with the values of 3.1-3.5.% Low-
k materials for PI-based dielectrics are still being pursued.

Generally, two strategies can be used for obtaining low-
k Pl-based polymers, according to the Clausius—Mossotti
equation: (i) total number density of dipoles is reduced and
(ii) dipole polarization intensity is lowered.’ '

k—1 A4rm

k2= 3N M

where £ is the dielectric constant of the material (in this
work, PI), N represents the number of molecules per unit
volume (density), « is the total polarization which contains
the electronic (a), distortion (aq), and orientation ()
polarization. Thus, cutting dielectric constant of PI, one
impactful approach is to endow porous structure for the
purpose of lowering the variable of N, fully taking advantage
of the lowest & value of air (A, = 1).”>° In practical, owing
to the high relative permittivity of water (78.36, 25°C),'°
moisture absorption of low-k materials should be minimized
to prevent dielectric-property intrusion from water. That is to
say, good hydrophobicity plays a significant role in main-
taining steady long-term operation of low-k PI-based poly-
mers. Eletrospinning is a facile method to build porous
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structure containing uniform air nanovoids, compared with
traditional technologies such as chemical etching and ther-
mal decomposition.'” This method can avoid tedious proce-
dures for thermally labile precursors'*'® and use of strong
acid like hydrofluoric acid (HF) for etching.'®2® Further-
more, using this method, other nanofillers can be tunable
introduced into the PI matrix. Previous studies have shown
that roughening the micro surface?' and forming close inter-
faces to restrict the electron mobility** are favorable to
hydrophobic and dielectric properties.

In addition to the aforementioned properties, low-k
PI-based dielectrics will also be required for next-
generation wearable micro/nanoelectronics that function
in harsh service environments. Therefore, ultraviolet
(UV)-light shielding properties are essential for steady
operation of the dielectric layer in outdoor conditions.
However, literature studying low-k materials has given lit-
tle attention on these tolerances.”

In this work, we report the fabrication of low-£
PI/titanium dioxide (TiO,) composite nanofibers (NFs) via
electrospinning. PI/TiO, composite NFs also present excel-
lent UV-light shielding property with positive effects of
TiO, NPs. A suitable TiO, content is required for balancing
the hydrophobicity, low-k demands, and UV-light shielding
properties of PI/Ti0, composite NFs. Mechanical and ther-
mal properties of PI/TiO, composite NFs are also studied.
Such PI/TiO, composite NFs exhibit excellent dielectric
properties (k: 2.17-2.32) and outstanding UV-light shield-
ing properties, which can meet harsh working conditions.

Experiment

Materials

Analytical grade benzophenone-3,3’,4,4'-tetracarboxylic
dianhydride (BTDA), N,N-dimethylacetamide (DMAc)
and 4,4'-diaminodiphenyl ether (ODA, >99%) were pur-
chased from Sigma-Aldrich, Shanghai, China. TiO, nano-
particles (NPs) were purchased from Aladdin Co. (average
grain size: ~25 nm). All reagents were used without any
further purification. Pure PI NFs and PI/TiO, NFs were
fabricated through thermal imidization of polyamic acid
(PAA) and PAA/TiO, precursors. For pure PI NFs, the
PAA precursor was solgel prepared by mixing (at 5°C for
12 h under nitrogen (N;) atmosphere) BTDA and ODA
(weight ratio of 1:1) into the DMAc solution. The PAA
NFs were then subjected to an electrospinning process con-
ducted at 10 kV and a constant feed rate of 0.3 mL h™'. The
thickness of the PAA NFs was optimized by controlling the
electrospinning time for 5 h. As-obtained PAA NFs were
further thermal imidized under step heat treatments at
80°C, 120°C, 200°C, and 250°C for 1 h each. The heating
rate was 5°C min~'. For fabricating PI/TiO, NFs, the PAA
precursor was prepared using the same procedure, except
that different weight percentages of TiO, NPs (2 wt%, 4

wt%, 6 wt%, and 8 wt%) were added to the PI matrix. The
corresponding samples were designated as PI/TiO,-2%
NFs, PI/Ti0,-4% NFs, PI/TiO,-6% NFs, and PI/Ti0,-8%
NFs, depending on the TiO, content.

Characterization of PI/TiO, NFs

Samples structures and surface morphologies were deter-
mined via Fourier transform infrared (FTIR, AVATAR370,
Thermo Nicolet, USA) with the range of 4000-400 cm '
and a scanning electron microscopy (SEM, SIRION 200,
FEI, USA) with energy-dispersive X-ray spectroscopy
(EDS) mapping at an operation voltage of 20 kV. Thermal
stability of samples was measured by a thermogravimetric
analyzer (TGA, Pyris6, Prink-Elmer, USA), where the sam-
ples were heated from 50°C to 800°C (heating rate: 5°C
min~ ') under N, protection. Tensile properties of pure PI
NFs and PI/TiO, NFs were tested by universal tensile test-
ing machine (Z050, Zwick Roell, Germany). Each type of
nanofiber (NF) was measured five times and the results
were averaged, according to standard ASTM D882. Speci-
men dimension was sliced as the tested dimensions with
120 x 10 x 0.25 mm>. The wettabilities between the water
droplets and the surface of PI/TiO, NFs were measured at
room temperature using a contact angle meter (JC2000C,
Shanghai, China) equipped with a high-speed camera.
Dielectric properties of PI/TiO, NFs membranes were mea-
sured using a broadband dielectric/impedance spectrometer
(Novocontrol ALPHa-ANB, Germany) in the frequency
range of 10°-107 Hz. A ZHDS400-type magnetron sputter
employing Au sputtering target was used to prepare
sandwich-structured (i.e. Au deposited layer |PI/TiO,
NFs|Au deposited layer) samples for dielectric testing. The
dielectric constant and dielectric loss were calculated using
the following equation
, Cd
= oA (2)

where C represents the capacitance of PI/TiO, NFs, 4 is the
deposited area, and € and &, represent the dielectric con-
stant of samples and a constant value in vacuum
(8.85 x 10712 F m™"), respectively. UV-light shielding
properties were tested twice with a Solar-500 xenon lamp
(NBET Company, Beijing, China.) for stimulation of solar
UV irradiation and a Cary 50 UV spectrophotometer, Salt
Lake City, USA for UV-visible absorption with measured
wavelength range of 200—800 nm. The spectrophotometer
was also used to measure the average UV-light absorption
over wavelengths ranging from 200 nm to 400 nm. Samples
were subjected to 90 h of solar irradiation (1000 W m~2).

Results and discussion

Figure 1 illustrates the preparation of both pure PI NFs and
PI/TiO, NFs. In the first step of PI/TiO, NF preparation, for
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Figure |. Flow-process diagram for preparation of pure Pl NFs and PI/TiO, NFs. Pl: polyimide; NF: nanofiber; TiO;: titanium dioxide.
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Figure 2. FTIR spectra of PAA NFs, pure Pl NFs and PI/TiO, NFs.
FTIR: Fourier transform infrared; PAA: polyamic acid; NF: nano-
fiber; Pl: polyimide; TiO,: titanium dioxide.

example, BTDA and ODA are firstly chosen as dianhydride
and diamine monomers for the first step of preparation
PAA precursor via solgel process. Various weight percen-
tages (0-8 wt%) of TiO, NPs arethen separately added to
the PAA solution. Subsequently, several PI/TiO, NF sam-
ples are obtained through electrospinning and imidization
of the PAA/TiO, precursors.

The featured absorption peaks of PI are presented in the
FTIR spectra of the pure PI NFs and the PI/TiO, NFs, as
displayed in Figure 2. The peaks of 1780 cm ™', 1720 cm ™
belong to C=0 asymmetric and symmetric stretching in
imide rings.?*2° Other characteristic PI peaks, that is, at
1500 cm ™!, 1360 cm ™!, and 720 cm ™!, arise from benzene
ring vibration, C-N stretching, and C=0 bending,*’
respectively. Amide-based symmetric and asymmetric
stretching vibration peaks (1650 cm ™' and 1547 cm™") are

found in PAA NFs while they disappear in pure PI NFs and
PI/TiO, NFs. The C=O stretching vibration peak (1715
cm™ ') of PAA NFs also transfers the C=0 asymmetric
(1780 cm™') and symmetric (1720 cm™') stretching in
imide rings which is observed in pure PI NFs and PI/TiO,
NFs. These results show PAA NFs have completed thermal
imidization for preparation PI NFs. Different fingerprint
regions between pure PI NFs and PI/TiO, NFs are focused
on the low degree of wave number. The 600 cm ™' peak is
found in PI/TiO, NFs, as belonged to Ti-O group vibra-
tion,”®** whereas the peak is absent from pure PI NFs.

The FTIR results show that we have successfully
synthesized pure PI NFs and PI/TiO, NFs.

Figure 3 presents micro-morphologies of pure PI NFs
and PI/TiO, NFs with low-magnification and high-
magnification scales. All the PI/TiO, NFs samples retain
fiber-like nanostructure without any collapse. The disper-
sion of titanium dioxide in PI/TiO, NFs is characterized by
Figure 4. Adjacent pure PI NFs lap closely without any
rough surface (see Figure 3(a) and (b)). Figure 3(c) to (j)
and Figure 4 display that some TiO, NPs stick the rims of
PI NFs and more TiO, NPs are coated in PI NFs to form a
homogeneous dispersion system. These effectively prove
successful combination of TiO, NPs and PI NFs for PI/
TiO, NFs. Average diameters of all samples are nanosized
in Figure 5, being consistent with logarithmic normal dis-
tribution. Pure PI NFs show the maximum average diameter
among all samples, which is 250 nm (see Figure 5(a)). The
average diameters of PI/TiO,-2% NFs, PI/TiO,-4% NFs,
PI/TiO,-6% NFs, and PI/TiO0,-8% NFs are 234 nm,
196 nm, 168 nm, and 220 nm, respectively (Figure 5(b)
to (e)). Average diameters of PI/TiO, NFs become thinner
with increasing content of TiO, NPs, expect for the ones of
PI/TiO,-8% NFs. Hence, it gets the optimization for obtain-
ing the minimum average diameters with constantly adding
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Figure 3. Low-magnification and high-magnification SEM images of pure Pl NFs and PI/TiO, NFs. Pure Pl (a and b); PI/TiO,-2% NFs

(c and d); PI/TiO,-4% NFs (e and f); PI/TiO,-6% NFs (g and h); PI/TiO,-8% NFs (i and j). SEM: scanning electron microscopy;
Pl: polyimide; NF: nanofiber; TiO,: titanium dioxide.

Figure 4. EDS element mapping of Ti from PI/TiO, NFs. (a) PI/TiO,-2% NFs; (b) PI/TiO,-4% NFs; (c) Pl/TiO,-6% NFs; (d) PI/TiO,-8%
NFs. EDS: energy-dispersive X-ray spectroscopy; NF: nanofiber; Pl: polyimide; TiO,: titanium dioxide.
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Figure 5. Histograms of diameter distribution for the (a) pure PI NFs, (b) PI/TiO,-2% NFs, (c) PI/TiO,-4% NFs, (d) PI/TiO,-6% NFs, and
(e) PI/TiO,-8% NFs. Pl: polyimide; NF: nanofiber; TiO,: titanium dioxide.
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Figure 6. TG profiles (a) and derivative thermogravimetric analysis (DTG) curves (b) of pure Pl NFs and PI/TiO, NFs. TG: thermo-

gravimetric; Pl: polyimide; NF: nanofiber; TiO,: titanium dioxide.

TiO, in such PI/TiO, NFs (here is 6 wt% for TiO, in PI/
TiO, NFs). A TiO, weight percentage exceeding 8 wt%
results in increased viscosity of the precursor and, in turn,
an uncontrollable electrospinning process occurring. This
makes TiO, NPs agglomeration in the PI matrix (see Figure
3(i) and (j) and Figure 4). It finally leads to instability of
average diameter with larger distribution in PI/TiO,-8%
NFs.

Thermal stability analyses (i.e. TG/DTG curves) of the
PI/TiO, NFs are displayed in Figure 6. All PI/TiO, NFs
samples show good high-temperature performances. Main
thermal decomposition of pure PI NFs starts at 526°C and it
achieves the maximum rate at 600°C (see Figure 6(b)).
With the addition of TiO, NPs, both the temperatures of
main thermal decomposition and ones of maximum rate
shifts to higher temperature region. It implies that TiO,
NPs can retard thermal decomposition in PI/TiO, NFs. The
temperatures of the maximum rates are 621°C, 627°C,
640°C, and 646°C for PI/TiO,-2% NFs, PI/TiO,-4% NFs,
PI/Ti0,-6% NFs, and PI/TiO,-8% NFs, respectively.
Furthermore, the quantification of thermal stability
property is also applied with a heat resistance index as
depicted below>"°

Th:0.49>< [T5+0.6>< (T30—T5)] (3)

where Tj, represents the heat resistance index, Ts and T3
are marked at the decomposing temperature at 5% and 30%
weight loss from the results of TG curves, respectively. The
related heat resistance index is 291.94°C for pure PI, 302°C
for PI/TiO,-2% NFs, 305°C for PI/TiO,-4%, 313°C for
PI/Ti0,-6%, and 317°C for PI/TiO,-8% NFs (see Table 1).
The addition of TiO, NPs can enhance the heat capacity of
whole PI/TiO, NFs. Thus, it needs higher temperature for
break the main chain of PI in the PI/TiO, NFs. SEM images
also show TiO, NPs attach on PI NFs closely, which also
helps PI/TiO, NFs obtain good antithermal decomposition
ability, compared with the pure PI NFs. This result is

Table 1. Heat resistance index of all samples.

Samples TS (OC) T30 (OC) Theat resistance index (DC)
Pure PI NFs 537 634 291
PI/TiO,-2% NFs 559 655 302
PI/TiO,-4% NFs 567 660 305
PI/TiO,-6% NFs 596 668 313
PI/TiO,-8% NFs 607 674 317
Pl: polyimide; NF: nanofiber; TiO2: titanium dioxide.
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Figure 7. Strain—stress curves of pure Pl NFs and PI/TiO, NFs.
NF: nanofiber; PI: polyimide; TiO,: titanium dioxide.

ascribed to the contributions of compact interfaces between
inorganic TiO, NPs and PI-based matrix for better thermal
stability.

Figure 7 shows the correlation of tensile strain and stress
in the pure PI and PI/TiO, NFs. Clearly, all samples contain
two stages of elastic and plastic deformations before frac-
ture. Tensile strain was 11% and tensile strength was
187 MPa for pure PI NFs. Both tensile strength and stress
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Table 2. Tensile properties of pure Pl NFs and PI/TiO, NFs.

Tensile Tensile Young’s
Samples stress (MPa)  strain (%) modulus (GPa)
Pure Pl NFs 187 I 5.1
PI/TiO,-2% NFs 190 10 5.5
PI/TiO,-4% NFs 194 8 59
PI/TiO,-6% NFs 198 8 7.3
PI/TiO,-8% NFs 159 7 45

PI: polyimide; NF: nanofiber; TiO,: titanium dioxide.
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Figure 8. Static contact angle of pure Pl NFs, PI/TiO,-2% NFs, Pl/
TiO,-4% NFs, and PI/TiO,-6% NFs. Pl: polyimide; NF: nanofiber;
TiO,: titanium dioxide.

Table 3. Comparison of CA in low-k Pl-based dielectrics.

Samples CA (°) Reference
FG/PI films 74 Zhang et al.”’
PI/GNR films 79 Liu et al.%®
PI/APSZN films 84 Li et al.*®
Pl/Crown ether films 92 Li et al.*°
homo-BPDA/BOA P fiber 115 Yin et al.¥!
6FDA-based Pl mats 125 Chen et al.®
Pl/TiO5-6% NFs 137 This work

CA: contact angle; PI: polyimide; FG: fluorographene; GNR: graphene
nanoribbon; APSZN: amine-functionalized pure silica zeolite nanoparticles;
BPDA: 3,3’,4,4"-biphenyltetracarboxylic Dianhydride; BOA: 5-amino-2-(4-
aminobenzene)benzoxazole; 6FDA: 4,4-(hexafluoroisopropylidene)diphthalic
anhydride; NF: nanofiber; TiO,: titanium dioxide.
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are positively correlated with increasing TiO, weight per-
centage in PI/TiO, NFs from Table 2, except for ones of
PI/Ti0,-8% NFs. In fact, PI/ TiO,-8% NFs show the min-
imum tensile strength of 159 MPa in the series of PI/TiO,
composites, even being lower than that of pure PI. It might
be attributed to weaker interfacial adherence®’ between
over-agglomerated TiO, NPs and PI matrix to form rough
surface of PI/Ti0,-8% NFs with a broadened average dia-
meter distribution, being consistent with the results from Fig-
ure 3(i) and (j), Figures 4 and 5. Because PI/TiO,-8% NFs
show poorest mechanical properties, they are ruled out of the
subsequent hydrophobic, dielectric, and UV-light shielding
measurements. In contrast, PI/Ti0,-6% NFs are characterized
by an extremely narrow diameter distribution and the smal-
lest average diameter of all the composites. Therefore,
the maximum tensile strength and Young’s modulus are
obtained for the PI/TiO,-6% NFs, indicating that an
optimized weight percentage of TiO, has a significant
effect on the tensile properties of the PI/TiO, NFs.

To ensure regular functionality of Ultralarge-Scale
Integrated Circuits (USICs) under humid environments,
hydrophobicity is curial for dielectric constant compo-
sites. Figure 8 depicts the static contact angle of water
in PI/TiO, NFs. Pure PI NFs have already retained good
hydrophobicity with the static contact angle of 122°.
Hydrophobic abilities of PI/TiO, NFs constantly increase
with the addition of more TiO, NPs. The average static
contact angles of water are 126°, 133°, and 137° for PI/
Ti0,-2% NFs, PI/Ti0,-4% NFs, and PI/TiO,-6% NFs,
respectively. The hydrophobicity for the as-prepared
PI/TiO, NFs is comparable to those reported in other
studies (see Table 3).527=84!

Figure 9(a) displays variations on dielectric loss of pure
PI NFs and PI/TiO, NFs in the measured frequency from
10% to 107 Hz under room temperature. The dielectric con-
stant of pure PI NFs is the lowest among the four samples,
which is from 1.95 to 1.91 in the whole frequency. The
ones of PI/TiO,-2% NFs, PI/Ti0,-4% NFs, and PI/TiO,-
6% NFs are 2.17-2.04, 2.33-2.14, and 2.47-2.32, respec-
tively. Based on the Clausius—Mossotti—Debye equation,

3.0 10°
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™ » Dielectric Loss
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264 s
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Figure 9. (a) Dielectric constant of pure PI NFs and PI/TiO, NFs in a continuous frequency range of 10?~10” Hz and (b) temperature
dependence of dielectric constant for PI/TiO,-6% NFs at 107 Hz. PI: polyimide; NF: nanofiber; TiO,: titanium dioxide.
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Figure 10. Dielectric loss of pure Pl NFs and PI/TiO, NFs from
10° Hz to 107 Hz under room temperature. Pl: polyimide; NF:
nanofiber; TiO,: titanium dioxide.

adding TiO, NPs inevitably increases dipole polarization,
because of the higher intrinsic dielectric constant of TiO,.
Thanks to tightly integrated interface between TiO, NPs
and PI matrix and porous structures with electrospinning
technology, all PI/TiO, NFs still maintain relatively lower
dielectric constant. Such PI/TiO, NFs also present very low
dielectric loss, which are all lower than 0.0071 (see Figure
10). Figure 9(b) displays the temperature-dependent dielec-
tric constant/loss in PI/Ti0,-6% NFs from 25°C to 200°C.
Dielectric constant of PI/Ti0,-6% NFs is from 0.005. This
proves relative stability of PI/TiO,-6% NFs in both dielec-
tric constant and dielectric loss in changeable operating-
temperature usages.

We further investigate the UV-visible light absorption
of PI/TiO, NFs with/without simulated solar irradiation to
choose the wavelength range of 200—400 nm, as the
selected UV-light, to study average UV-light absorption
decay after a 90-h irradiation. Figure 11(a) and (b) shows
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Figure 1 1. UV-vis absorption spectra of PI/TiO, NFs with solar irradiation (a) and without solar irradiation (b). (c) Average UV-light
(200—400 nm) absorption of PI/TiO, NFs with/without solar irradiation. (d) Average UV-light absorption decay in PI/TiO, NFs. Inset is
optical image on two pieces of PI/TiO,-6% NFs without photoaging (left) and with photoaging (right). UV-vis: ultraviolet-visible; Pl:

polyimide; NF: nanofiber; TiO,: titanium dioxide.
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the UV-visible light absorption changes in pure PI and
PI/TiO, NFs with/without solar irradiation. Pure PI NFs
present a poor degree of UV-visible light absorbability,
which is around 0.2. Meantime, PI/TiO, NFs samples pres-
ent obviously reinforced UV-visible light absorbability,
whose intensities are positive correlation to the weight per-
centage of TiO, NPs. Especially, we focus on UV-light
absorbability to satisfy common UV-light protection
demands. With increasing TiO, NPs content, average
UV-light absorptions of PI/TiO, NFs are lifted from 0.16
to 4.38 under no solar irradiation condition and the ones
increases from 0.12 to 3.71 after solar irradiation, showing
the optimum anti UV-light irradiation in PI/TiO,-6% NFs
(Figure 11(c)). This is because TiO, has been wildly treated
as a common light-screening agent and adding more TiO,
NPs can continuously enhance PI/TiO, NFs absorption
and scattering ability of UV-light to give good UV-light
shielding. However, PI/TiO, NFs still suffer varying
degrees of UV-light damage under a longtime irradiation
(1000 W m ™2 for 90 h) due to anisotropic photochemical
reaction in the PI-based matrix*? and existing defects
between PI and TiO, NPs. Figure 11(d) shows the detailed
average UV-light absorption decay in PI/TiO, NFs, which
is 30.35% for PI/TiO,-2% NFs, 16.95% for PI/Ti0,-4%
NFs, and 15.13% for PI/Ti0,-6% NFs, respectively.
Although the brims of PI/TiO,-6% NFs is sort of warped
after a 90-h solar irradiation, the color changes between the
two pieces of PI/TiO,-6% NFs with/without solar photoa-
ging (Figure 11(d), inset) can be negligible.

Conclusions

In summary, pure PI NFs and PI/TiO, NFs are successfully
fabricated with the average diameters of 200-250 nm via
electrospinning. Adding TiO, is an efficient route to
improve thermal stability properties of PI/TiO, NFs, evi-
denced by the high heat resistance index (317°C) in the
PI/Ti0,-8% NFs. However, due to the excess TiO, NPs
agglomeration and larger turbulence of average diameters,
PI/TiO,-8% NFs exhibit the poorest mechanical tensile
properties. In comparison, PI/TiO,-6% NFs obtained the
best tensile properties among all samples, which are
198 MPa for tensile stress, 7% for tensile strain, and 7.3
GPa for Young’s modulus, separately. PI/Ti0,-6% NFs are
also evidenced owning excellent hydrophobicity and UV-
light shielding properties after being checked with static
contact angle measurement and a 90-h solar irradiation.
Based on the contact angle (~137°) and average anti
UV-light absorption decay (15.13%) realized, the
PI/TiO,-6% NFs are considered the optimum PI/TiO, NF
sample. Further investigation of the dielectric properties
reveals that, owing to porous structures and compact TiO,
NP/PI NFs interfaces, relatively low dielectric constants
(k: 2.17-2.32) and low dielectric losses (<0.0071) are
achieved. The PI/TiO, NFs can serve as an excellent

alternative to replace current low constant materials for
higher hydrophobicity and anti UV-light photoaging
demands in microelectronics.
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