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Abstract: The advent of high frequency communication
era presents new challenges for further development of
dielectric polymer materials. In the field of communica-
tion, efficient signal transmission is critical. The lower the
dielectric constant of the dielectricmaterial used, the lower
the signal delay and the higher the signal fidelity. The
preparation of polymer materials with low dielectric con-
stant or reduce the dielectric constant of polymer materials
becomes a key research topic. Summarizing past progress
and providing perspective, this paper primarily discusses
the intrinsic low dielectric polymers, fluorine doped low
dielectric polymers, and microporous low dielectric poly-
mers, while predicting the research trend of low dielectric
materials.

Keywords: fluorine doping; intrinsic; low dielectric con-
stant; micropore; polymer.

1 Introduction

In recent years, with the rapid development of electronic
information industry and stimulation from demands of
wireless technology revolution, low dielectric constant
materials have become one of the most important topics in
the current semiconductor industry [1–4]. In the process of
signal transmission, there were signal delay and circuit
loss. The relationship between signal delay and dielectric
constant of dielectric material is shown in the following
equation (1) [5].

Td = KD0.5
K (1)

where Td represents the signal delay, K is a coefficient, and
DK represents the dielectric constant of the dielectric ma-
terial. It can be seen that the lower the dielectric constant of
the material, the lower the signal delay and the higher the
signal fidelity. Therefore, under the background of in-
depth development of the fifth-generation communication
technology, the use of low-k materials has become an
effective approach to reduce the signal hysteresis time.

Generally, dielectrics are commonly used in the field of
microelectronics with relatively low dielectric materials.
Lowdielectricmaterialsmean that the dielectric constant is
higher than that of air (1) and lower than that of silica (3.9),
of which the value range is between 1 and 3.9. Low
dielectric polymer materials were widely used in electronic
and electrical engineering, electronic integration, printed
circuit board, communication materials and other fields,
due to their several advantages including processability,
thermal stability and electrical insulation. As of known,
polytetrafluoroethylene (PTFE) [6, 7], liquid crystal poly-
mer (LCP) [8–10], and polyimide (PI) [11–14] have already
been widely used in circuit board substrates. Epoxy resin
and cyanate ester resin were also widely used as an
excellent adhesive in packaging materials of electronic
devices [15–17]. Figure 1 shows the dielectric properties of
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some polymers related to circuit substrates for electronic
device packaging. It can be seen that there are few types of
polymers with low dielectric constant, on the other hand,
the dielectric constant of some polymers was relatively
large, such as epoxy resin (DK = 3–4) [18–20]. The prepa-
ration of polymer materials with low dielectric constant or
reduce the dielectric constant of polymer materials is an
important research topic. This paper describes the research
progress of low dielectric polymer materials from the as-
pects of intrinsic low dielectric polymers, fluorine doped
low dielectric polymers, and microporous low dielectric
polymers.

The dielectric constant of polymer material conformed
to Clausius Mosotti equation (2) [21]:

ϵ − 1
ϵ + 2

= Nα
3ϵ∘

(2)

where N is the number of polarized molecules per unit
volume, ɑ is molecular polarizability, and ε0 is vacuum
permittivity (or vacuum dielectric constant). It can be seen
that from the above formula, reducing the number of
polarized molecules per unit volume or reducing the den-
sity of polar groups per unit volume is useful for preparing
polymers with low dielectric constant or reducing the
dielectric constant of polymers. To reduce the dielectric
constant of polymers, there were some methods, including
(a) introducing hyperbranched molecular chains to in-
crease the free volume of polymers, which can reduce the
number of polarization groups per unit volume [3, 22–25],
(b) synthesizing polymers with fluorine-containing mono-
mers or doping fluorine on the molecular chains of poly-
mers, due to C–F has smaller dipole moment and lower
polarizability than C–H bond. At the same time, fluorine

atoms can also increase the free volume [26–30], (c) nano-
porous polymer materials as air have a very low dielectric
constant (Dk = 1) [31]. In this paper, intrinsic low dielectric
polymers, fluorine doped low dielectric polymers, and
nano-microporous low dielectric polymers are described
and discussed.

2 Intrinsic low dielectric polymer

For dielectric constant (DK) relationship of polymer mate-
rials, the dielectric constant can be expressed by the
following formula (3) [32]:

DK = 1 + 2(P/V)
1 − (P/V) (3)

where P is the molar polarization of polymer functional
group (cm3/mol); V is the molar volume of polymer func-
tional groups (cm3/mol). In order to obtain a polymer with
low dielectric constant (DK), it is necessary to reduce the
ratio of P/V by increasing the molar volume V or reducing
the molar polarization P. However, Table 1 below showed
the P and V values and P/V ratio of some common func-
tional groups [33]. It can be seen from that the following
principles should be followed to obtain polymers with
intrinsically low dielectric constant: (a) minizine the
presence of polar groups such as hydroxyl (–OH), carboxyl
(–COOH) and amide bond (–CONH–). On one hand, these
groups themselves have high P/V value, and on the other
hand, these polar groups easily absorbing moisture resul-
ted in the dielectric constant of polymer materials will be
further increased due to the high dielectric constant of
water being close to 80. (b) The introduction of fluorine-
containing groups (–F), methylene (–CH2–) and alicyclic
groups (such as cyclohexyl) can effectively reduce the
dielectric constant of polymer materials because these
groups have small P/V values. (c) The introduction of
phenyl, naphthyl, and fluorene groups can also effectively
reduce the dielectric constant of polymer materials,
because these groups have high V value. Several intrinsic
low dielectric polymers were introduced from the
perspective of molecular chain structure.

2.1 Polytetrafluoroethylene (PTFE)

Polytetrafluoroethylene (PTFE) contains fluorine atoms
and the chain structure is symmetrical. The general struc-
tural formula is shown in Figure 2. The highly symmetrical
molecular chain structure and the presence of carbon
fluorine bonds make polytetrafluoroethylene have low
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Figure 1: Dielectric properties of polymer materials [15].
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dielectric constant (2.0), and the dielectric properties were
less affected by temperature and frequency. At the same
time, it had the advantages of temperature resistance (−230
to 260 °C), heat resistance, good chemical stability, and
nonhygroscopicity [34, 35]. Therefore, Teflon PCBwas used
in the circuit board industry. However, the disadvantages
such as difficult processing, lowmechanical strength, poor
adhesion, and large linear expansion coefficient, limited
its application in ultrathin circuit boards [36, 37].

2.2 Polyimide (PI)

Polyimide is a kind of polymer synthesized by poly-
condensation of diamine and diacid, with the backbone
containing imide groups (–CO–N–CO–). It was usually
obtained by heat treatment, cyclization, and dehydration
from polyamide acid which synthesized from reacting ar-
omatic diamine and aromatic anhydride [38, 39]. The
general structural formula is shown in Figure 3. In 1970s,
polyimide has been used as an intermetallic dielectric
layer, passivation layer material, buffer protective layer
material, and dielectric insulating layer material in mi-
croelectronics industry. Polyimide had beenused for a long
time at 200–250 °C with excellent heat resistance, superior
mechanical properties, insulation, excellent molding pro-
cessing and dimensional stability. The dielectric constant
of polyimide was 2.9–3.5, and the dielectric loss was only
0.004–0.007. The main reason for low dielectric constant
of PI was the availability of a large number of aromatic

rings in the molecular chain [40–43]. Wang et al. [44]
synthesized a polyimide containing aromatic ether groups
and naphthalene side groupswith a low dielectric constant
(DK = 2.7), and glass transition temperature was 294 °C. The
thermogravimetric temperature was 564 °C when the mass
loss was 10%. This polyimide can also be dissolved in
organic solvents such as chloroform, which was conducive
to subsequent processing and applications. Yang et al. [45]
synthesized polyimide with excellent properties from aro-
matic diamine and fluorinated anhydride, of which the
dielectric constant was between 2.71–2.79, the glass tran-
sition temperature was 245–283 °C, and the tensile strength
was between 8717 and 10,217 MPa. Goto et al. [46] suc-
cessfully prepared low dielectric constant polyimide with
an excellent performance by introducing diphenylfluorene
group into the main chain, in which the dielectric constant
was 2.77. It is worth noting that Fujiwara et al. [47] prepared
a side chain poly (norbornenimide) containing huge fluo-
rinated aromatic groups, and confirmed that the macro-
molecular main chain structure of fluorinated poly
(norbornenimide) was a helical structure by molecular
simulation. The results showed that the glass transition
temperature of poly (norbornene imide) was higher than
400 °C, and the heat resistance was also excellent. More
importantly, due to its helical structure, the free volume of
the molecular chain increased, resulting in a low dielectric
constant (DK = 2.31). Although polyimide has good dielec-
tric properties, its disadvantages, such as high cost and not
resistant to water and alkali, cannot be neglected.

2.3 Polybenzoxazine

Benzoxazine compounds are a kind of intermediates with
heterocyclic structure. Generally, they were synthesized by
condensation reaction of phenolic compounds, primary
amines and formaldehyde, and then ring opening poly-
merization under the action of heating or catalyst to form a
network structure similar to phenolic resin, which was
called polybenzoxazine [48]. The curing reaction of ben-
zoxazine is shown in Figure 4. In terms of electrical prop-
erties, azine resin was used as an adhesive for printed
circuit boards with low dielectric constant at room tem-
perature to 150 °C, such as benzoxazine prepolymer

Table : P, V and P/V values of some functional groups [].

Functional groups Molar polarization (P) Molar volume (V ) P/V

Fluorine (–F) . . .
Methylene (–CH–) . . .
Ether bond (–O–) . . .
Methyl (–CH) . . .
Carbonyl (–CO–) . . .
Ester bond (–COO–) . . .
Hydroxyl (–OH) . . .
Phenyl (–CH) . . .

Figure 2: Teflon structure general formula. Figure 3: Polyimide structure diagram [43].
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synthesized from bisphenol A and aniline [49–51]. Zhang
et al. [52] synthesized a new benzoxazine monomer con-
taining benzoxazole group via a nonsolvent method, and
then the monomer was cured to obtain a new benzoxazolyl
polybenzoxazine polymer with low dielectric constant.
These results showed that the polymer has a high glass
transition temperature of 402 °C, and the dielectric con-
stant was relative resist to the temperature. Su et al. [53]
synthesized fluorinated benzoxazine materials with low
dielectric constant, the results showed that the dielectric
constant of the fluorinated benzoxazine can be as low as
2.36. Benzoxazine resin has the advantages of almost zero
curing shrinkage, excellent mechanical properties, low
water absorption, and no release of small molecules in
the process of ring opening polymerization. In addition,
the concentration, toxicity and corrosiveness of poly-
benzoxazine combustion smoke were relatively low as
well.

2.4 Poly ether etherketone (PEEK)

PEEK is a type of phenylene ring-containing polymer
connected by oxygen bridge (ether bond) and carbonyl
(ketone) [54]. Many different poly aryl ether ketone poly-
mers canbe formedby the connection order andproportion
of ether bond, ketone group and benzene ring in the mo-
lecular chain, such as mainly polyether ether ketone
(PEEK), polyether ketone (PEK), polyether ketone (PEKK),
polyether ether ketone (PEEKK), and polyether ketone
ether ketone (PEKEKK) [55]. The ether bond in the molec-
ular structure of poly (aryl ether ketone)made it flexible, so
it can be formed by the processing method of engineering
thermoplastic. The lower the ratio of ether bond to ketone
group was in the molecular chain, the higher was the
melting point and glass transition temperature. However,
due to the regularity and rigidity of the main chain, it was
insoluble in most organic solvents. Therefore, the devel-
opment of polyaryl ether ketones with good solubility and
low dielectric constant becomes an important research
topic. It was reported that Wang et al. [56] synthesized a

novel poly aryl ether ketone POP-PEEK (Figure 5) by
introducing phenoxy benzene side groups. The POP-PEEK
is very soluble in organic solvents such as chloroform
and tetrahydrofuran, and has low dielectric constant
(DK = 2.9). PEEK own excellent high temperature proper-
ties, mechanical properties, electrical insulation, radiation
resistance, and chemical resistance due to their rigid
benzene ring. However, high glass transition temperature
(Tg = 143 °C) and melting point (Tm = 343 °C) of PEEK in-
crease the difficulty of manufacturing.

2.5 Benzocyclobutene resin (BCB)

Benzocyclobutene was obtained through Diels–Alder
cycloaddition reaction and free radical addition [57–59].
The reaction process is shown in Figure 6. As early as the
1990s, it was found that benzocyclobutene resin has been
applied in electronic high-tech fields because of its excel-
lent electrical insulation [60]. In 1985, Kirchhoff applied for
the first patent on benzocyclobutene polymer [61]. In the
early 1990s, Dow Chemical Company of the United States
launched a photosensitive negative polymer named
cyclotene based on benzocyclobutene. In recent years,
cyclotene had been officially adopted in Japan [62]. Under
the test conditions at frequency 100 Hz to 1 MHz and at
temperature 20–200 °C, the dielectric constant of divinyl-
siloxane dibenzocyclobutylene resin remained almost
unchanged at about 2.65. Additionally, there was no need
to use catalyst during resin curing, and small molecules
would not volatilize, and the curing time could be adjusted
and controlled by curing temperature [63–65]. It was worth
noting that benzocyclobutene was very easy to react with
metals (copper, gold, aluminum, etc.) and nonmetals (sil-
icon and silicon dioxide, etc.) Shimoto et al. [66] found that
compared with polyimide, the resistivity of CPU module
made of Cu/BCB decreased by 30% and the delay time
under high frequency transmission decreased by 10%.
However, the synthesis and purification of benzocyclobu-
tene were complex and the yield was not high [67, 68].

Figure 4: Curing reaction of benzoxazine [48]. Figure 5: POP-PEEK structure diagram [56].
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Benzocyclobutene resin had excellent comprehensive
properties, low dielectric constant, small dielectric loss
tangent, low moisture absorption, high chemical stability,
thermal stability, and film flatness. However, the pre-
polymerization and film formation of BCB resin are difficult
to control, resulting in the brittle property of the cured resin
film.

2.6 Other intrinsic low dielectric polymers

In recent years, the depletion of global fossil resources and
environmental problems had attracted great attention to
the use of renewable raw materials from biomass [69, 70].
Compared with some traditional petroleum based low
dielectric polymers mentioned above, biomass based low
dielectric polymer materials had an important prospect in
the sustainability of environmental protection materials in
the future [71, 72]. Researchers have performed a lot of work
on the conversion of biological compounds into materials
with high-performance, because the renewability and
richness of these compounds can greatly reduce the de-
mand for fossil oil resources. Particularly, these regener-
ated raw materials had special chemical structures which
were very difficult to synthesize and design [73].

Chen et al. [74] synthesized a new dielectric poly-
siloxane with low dielectric constant formed a renewable
biomass of eugenol. The polymer had a low dielectric
constant which was 2.77 at the frequency of 0.1–30 MHz.
After thermal curing, polysiloxane showed high thermal
stability that the degradation initiation temperature and
glass transition temperature were 400 and 201 °C, respec-
tively. The coefficient of thermal expansion was 64 ppm/°C
when immersed in deionizedwater at room temperature for
144 h, it showed low water absorption (<0.15%). Therefore,
eugenol can be considered as a sustainable raw material
for the preparation of high-performance dielectric poly-
mers. The reaction process and corresponding results are
shown in Figure 7a.

Vanillin had become the second largest renewable
resource. Vanillinwas considered to be one of the ideal raw
materials for the synthesis of high-performance polymers,

because of its natural aromatic ring and easily modified
functional groups [75]. On this basis, Dai et al. [76] con-
ducted research on vanillin derived low dielectric poly-
mers, and designed and synthesized a monomer (BCB-V)
containing vinyl and benzocyclobutene units fromedFigure 6: Synthesis process of BCB [57].

Figure 7: (a) Synthesis diagram of new polysiloxane with dielectric
properties, (b) synthesis process of BCB-V and (c) synthesis process
of PPO.
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vanillin molecules. The synthesis of process is shown in
Figure 7b. The monomer can be easily thermally modified
to form a crosslinked network with good thermal stability.
The 5%weight loss temperature could reach 436 °C and the
coefficient of thermal expansion (CTE) was 60.9 ppm/°C.
The crosslinked polymer (BCB-V) had good dielectric
properties that dielectric constant was less than 2.84 and
dissipation factor was less than 4.9 × 10−3 at frequency of
range 0.15–20MHz.Meanwhile, the dielectric constant and
dissipation factor were 2.81 and 6.79 × 10−3, respectively, at
the high frequency of 5 GHz. In addition, when the cross-
linked polymer was immersed in water at room tempera-
ture for 96 h, it showed lowwater absorption 0.44%. These
results showed that the new biomass based thermosetting
resin had potential application prospects in microelec-
tronic industry as matrix resin or packaging material.

Recently, Wang et al. [77] synthesized a new type of
modified polyphenylene oxide (PPOs) polymer with low
dielectric constant, high thermal stability, and good
dimensional stability after processing by treating bromi-
nated polyphenylene oxide (PPO) with biomass based
anethole. The synthesis method was shown in Figure 7c. It
was reported that when the molar ratios of anisole in PPO
were 0.2, 0.35, and 0.5, the crosslinked PPO had lower
dielectric constant (<2.74) and higher Tg (greater than
220 °C). In particular, PPO showed a coefficient of thermal
expansion (CTE, 23.4 ppm/°C) similar to thermal expansion
of copper foil (about 18 ppm/°C). The results showed that
the modified PPOs were suitable for the production of
copper-clad laminates in the electronic industry, and the
modified PPO with anethole unit had higher thermal sta-
bility. Therefore, PPO had a good prospect in the electronic
industry, and this contribution provided a new method for
preparing high-performancematerials from biomass based
raw materials.

3 Fluorine doped low dielectric
constant polymer

There are two reasons for introducing fluorine atom energy
into polymers to reduce dielectric constant: one is that C–F
bond has lower polarizability than C–H bond; the other is
that fluorine atom can also increases free volume, and the
polarization molar degree P of fluorine group is extremely
low. Dong et al. [78] synthesized a series of polyimides
containing pyridine and trifluoromethyl groups. Poly-
imides contained trifluoromethyl groups in the main chain
showed low dielectric constant and water absorption. The
dielectric constant was 2.36–2.52 (1 MHz) and the water

absorption was 0.64–0.79%. Fang et al. [79] designed
and synthesized two resveratrol based monomers
(TFVE) with thermally crosslinked trifluoroethylether
group (–OCF=CF2–) via resveratrolmolecule. The synthesis
process is shown in Figure 8a. It was found that the
dielectric constantwas 2.45–2.52 and the dielectric losswas
2.2 × 10−3 to 2.6 × 10−3. In addition, the two monomers have
high thermal stability with the weight loss temperature of
5% exceeding 450 °C. When they were immersed in boiling
water for 3 days, the absorbed water was also less than
0.08%. These data showed that resveratrol-based mono-
mer was suitable for packaging resin in microelectronic
industry. Chen et al. [80] synthesized a fluoropolymer
(PNBE-TFVE) with high thermal stability and low dielectric
constant by ring opening polymerization using two
monomers of trifluoroethylene ether (HSi-TFVE) and aryl-
hydrosilane (NBE-OEt). The reaction process is shown in
Figure 8b. The produced membrane was treated at high
temperature to form a cross-linked network, transmittance
was 92%and awater contact anglewasmore than 100°. The
dielectric constant of the crosslinked network was 2.39 and
the dielectric loss factor was 3.7 × 10−3 at high frequency of
5 GHz. Even after soaking in water for 3 days, the cured
sample maintained a dielectric constant of 2.49 and a
dielectric loss of 3.8 × 10−3. These excellent properties
indicate that this type polymer had potential application
prospects as matrix or packaging resin in microelectronic
industry. However, fluorine doped polymers decompose at
high temperature and produce hydrogen fluoride gas,
which causes corrosion problems to the device.

4 Nano microporous low dielectric
constant polymer

In recent years, the preparation of ultralow dielectric
constant polymer materials had been attracted a lot of
attention. Ultralow dielectric constant polymer materials
were mainly prepared by adding nanoporous nano-
particles [81], sol-gel [82], phase separation technology
[83, 84] and foam [85, 86]. Because air has a low dielectric
constant close to 1, the introduction of nano-micropores
was an effectivemethod to reduce the dielectric constant of
materials. Zhao et al. [87] controlled the pore diameter and
porosity of foamed polyvinylidene fluoride (PVDF) by
controlling the temperature in range of 166–172 °C and the
CO2 pressure of 13.8 MPa. The porosity range of PVDF
foaming material was 63–96.4%. When the saturation
temperature was 169.5 °C, the porosity of PVDF foaming
material was 96.4% and the dielectric constant was low to
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1.1. In addition, Chen et al. [88] pretreated fluorinated
polyimide (FPI) with ozone, and then thermally initiated
free radical graft polymerization with poly ethylene glycol
methyl methacrylate. Finally, the nanopore structure was
obtained by the thermal decomposition of unstable poly
ethylene glycol methyl methacrylate in the component.
Fluorinated polyimide with nanopore structure has ultra-
lowdielectric constantmaterial, and the dielectric constant
is about 2.0. The pore size was 20–50 nm and the porosity
was in the range of 2–10%. Recently, Zhang et al. [89]
synthesized a new type of polyethersulfone (PES) resin
containing bisphenol cyclohexyl group, and then foamed
the polyethersulfone (PES) resin. The process is shown in
Figure 9a. It was reported that the PES density after
foaming decreased from 1.23 to 0.012 g/cm3, the dielectric
constant and dielectric loss of the foamed samples were
1.9–2.7 and 4.22 × 10−3 to 7.99 × 10−3, respectively. Poly-
ethersulfone (PES) resins provided a controllable process
for the preparation of porous, ultralight and low dielectric
constant materials by foaming. It can be potentially used
in the fields of microelectronics and high-speed commu-
nication systems. In recent years, nanoporous poly-
siloxane (NPS) had become a research hotspot. Liu et al.
[90] grafted cubic oligomeric silsesquioxane monomers

onto the silicon surface by reacting octameric silses-
quioxane with terminated hydroxyl groups on the silicon
surface under the catalysis of SnCl2, and the POSS cage
layer as a nanoporous interlayer could reduce the dielectric
constant of polyimide film on the silicon surface to about
2.47, due to the air between silicon and polyimide layer.
This method could be used to manufacture ultralow
dielectric constant materials. It was reported that Li et al.
[91] successfully synthesized benzoxazine modified poly-
hedral oligomeric silsesquioxane (BZPOSS) and used it to
prepare bisphenol a nanocomposite epoxy resin. The
preparation process was shown in Figure 9b. It was shown
that the dielectric property test confirmed that the intro-
duction of BZPOSS could reduce the dielectric constant,
which was attributed to the nanopores in the POSS cage
structure. When 20 wt% BZPOSS was added, the dielectric
constant decreased to 2.28 at 1 MHz frequency. At the same
time, dynamic mechanical analysis (DMA) and thermog-
ravimetric analysis (TGA) results showed that the material
has good thermal stability and heat resistance. The content
of E51/BZPOSS increases with the increase of temperature,
which was due to the change of crosslinking density
and crosslinking structure of copolymer. It could be
potentially used in the fields of microelectronics and high-

Figure 8: Synthesis process of (a) TFVE and (b) PNBE-TFVE.
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speed communication systems. However, the porous
structure leads to the moisture absorption of the material
and decrease of mechanical properties.

5 Summary and outlook

Low dielectric polymers have become one of the promising
research directions in the field of basic and applied
research of polymer materials. These low dielectric poly-
mer materials need to have the following properties: in
terms of electrical properties, they should have low loss
and low leakage current; in terms of mechanical proper-
ties, it was necessary to have high adhesion and high
strength; in terms of chemical properties, it should be
resistant to corrosion and lowwater absorption; in terms of
thermal properties, it was necessary to have high stability
and low shrinkage. However, at present, low dielectric
polymers also had several bottlenecks, such as poor ther-
mal stability and low mechanical strength of intrinsic

polymer dielectric materials, for example, high cost and
complex preparation process of fluoropolymer dielectric
materials and fluoropolymer materials will produce sub-
stances harmful to the environment in the process of
thermal degradation. For example, the presence of micro-
porous dielectric polymers further increases the risk of
moisture absorption of polymer materials, resulting in the
deterioration of their dielectric properties.

Looking forward, the development of low dielectric
polymer materials may show the following trends: (1) the
development of composite dielectric materials. Dielectric
composites can effectively simultaneously meet the re-
quirements of comprehensive properties such as dielectric
properties, mechanical properties, and processability. (2)
The structure-function integration development of dielectric
materials, the development of functional materials with
energy storage, intelligent sensing, biocompatibility and so
on. (3) Environmental protection and development of green
dielectricmaterials, development and utilization of biomass
materials. In brief, the research and development of new

Figure 9: (a) Foaming process and dielectric constant of PES and (b) synthesis process of BZPOSS.
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dielectric polymermaterialswith lowdielectric constant and
dielectric loss is of far-reaching significance.
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