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Dielectric relaxation spectroscopy experiments were performed at high temperature on fluorinated
parylene films during the occurrence of the isothermal crystalline phase transition. For this
polymer, since the difference between the glass transition temperature (T,,) and the phase transition
temperature (T,) is very strong (T. > 4T,), segmental and dipolar relaxation usually used to probe
the crystallization are not shown in the experiment frequency window (10" to 10°Hz) during the
crystallization. The charge diffusion becomes the only electrical marker that allows probing the
phase transition. During the transition phase, a continuous decrease of about two orders of
magnitude is observed in the conductivity values below an offset frequency (f,.) with a tendency to
stabilization after 600 min. Below the offset frequency, the decrease of the normalized conductivity
to the initial value as function of time is frequency independent. The same behavior is also
observed for the f,. values that decrease from 160 Hz to about 20 Hz. Above the offset frequency,
the electronic hopping mechanism is also affected by the phase transition and the power law
exponent (n) of the AC conductivity shows a variation from 0.7 to 0.95 during the first 600 min
that tend to stabilize thereafter. Accordingly, three parameters (n, f., and AC conductivity values
for frequencies below f.) extracted from the AC conductivity spectra in different frequency
windows seem suitable to probe the crystalline phase transition. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4868646]

The morphology as well as the crystallization and crys-
talline phase transition kinetics in polymers have been exten-
sively studied by different techniques such as X-ray
scattering, calorimetric and dielectric relaxation spectroscopy
(DRS). X-ray scattering techniques do not provide direct in-
formation about the dynamic processes occurring within the
amorphous phase mainly due to the absence of changes in the
order or contrast. However, dielectric spectroscopy techni-
ques have shown to be valuable when dealing with the dy-
namics of the amorphous chains. Using the latter technique,
investigations have been focused mainly on the effect of crys-
tallization on the dipolar relaxation and chain dynamics in
the polymer.'™ The amorphous phase segmental dynamics is
strongly affected by the progressive development of crystal-
line phase. The evolution of the dielectric relaxation, associ-
ated with the dipolar fluctuations resulting from segmental
motions along the chain backbone (known as « relaxation),
has been used as a probe for the change in the glass transition
dynamics upon crystallization. On the other hand, local
motions like the one causing the f relaxation are also influ-
enced by crystallinity, and have been shown to be inversely
proportional to the amount of crystalline phase.’® Besides the
influence of the crystallization on the molecular dynamics of
the polymer chains, it is expected that the increase in the
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crystalline phase lead to a variation in the conductivity and in
the polarization effects. Assuming that the conductivity of the
crystalline phase is considerably lower than the conductivity
of the amorphous one, the conductivity will decrease by the
increasing of the crystallization. In addition, the dielectric
permittivity at low frequency and/or high temperature, related
to the charge motion and/or the boundaries between crystal-
line and amorphous regions in case of Maxwell-Wagner-
Sillars (MWS) polarization,7 will also be affected. As an
additional phenomenon leading to the increase in the relative
permittivity (¢) values observed at low frequency and high
temperature, the low frequency dispersion (LFD) described
by Jonscher® can also take place, and can also be strongly
affected by the charge motions and hence the crystallization.

In the last decades, ionic and electronic conduction phe-
nomena in disordered solids have attracted considerable ex-
perimental and theoretical interests. Recently, the study of
the charge carrier diffusion in the semi-crystalline structure,
during non-isothermal crystallization has been investigated.’
However, to the authors’ knowledge, the effect of polymers
crystalline phase transition and crystallization on the AC and
DC conductivity observed in situ by the DRS technique, has
not been reported elsewhere. As aforementioned, most inves-
tigations deal with o and/or f§ relaxations that generally
appear within the frequency window covered by conven-
tional dielectric spectrometers around the crystallization
temperature.
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Poly(a,a,0 o/ -tetrafluoro-p-xylylene) fluorinated pary-
lene (-CF,—C¢H4—CF,-), owning a dielectric constant
between 2.25 and 2.9,'° a high thermal stability above
520°C,'"12 presents the peculiarity to have simultaneously a
very high T, (~400°C"?) and a low T, (between 16°C'* and
100°C">1%)_ Its good thermal and electrical properties match
with the required electrical insulation layers for high temper-
ature electronic devices (exposing materials up to 350°C).
However, a crystalline phase transition with an increase in
the crystallinity has been observed to occur at temperatures
above 300°C in such fluorinated parylene films."*'” This
can affect, among different properties, the dielectric ones.
After having investigated the annealing effect on o and f
relaxation,'” the aim of this paper is to study the effect of the
increase in crystallinity during the crystalline phase transi-
tion, on the conductivity spectra at high temperature where
no frequency dependent contribution from the dipole relaxa-
tion is expected in the frequency window since T, < T..
Hence, the charge carrier diffusion in the semi-crystalline
structure during the occurrence of isothermal crystalline
phase transition becomes the only electrical marker allowing
to probe the phase transition.

Dielectric properties in  Poly(o,a,0 o/ -tetrafluoro-p-
xylylene), named PA-HT were studied using MIMS (Metal-
Insulator-Metal Structure), where a film of 5 um of thickness
was deposited by Polymer Vapor Deposition (PVD) tech-
nique on a polished and cleaned stainless steel substrate.
Gold circular upper electrodes of 5mm in diameter were
evaporated in vacuum onto the PA-HT surface in order to
achieve the MIMS. Dielectric parameters were characterized
at 280 °C over a wide frequency range (0.1 Hz to 1 MHz) by
dielectric relaxation spectroscopy using a Novocontrol
Alpha-A spectrometer with a zero-gradient synchrotron
(ZGS) testing cell. The performed dynamic scanning calori-
metric (DSC) with a temperature range of 10 °C/min on the
PA-HT shows that phase transition begin at about 350°C."”
In our experiments, and in order to allow a long period ob-
servation, the temperature choice was fixed about 70 °C less
than the beginning of phase transition occurrence. PA-HT
MIMS was placed between two round electrodes and tested.
Measurements were made in a nitrogen atmosphere during
the whole cycle and the magnitude of AC applied voltage
was 1V rms. The heating rate was about 1°C/min until
280 °C. Once the setting temperature was reached, measure-
ments were performed each 5 min during the first period and
the interval was enlarged after 30 min. For each measure-
ment, frequency scan from 10° Hz to 0.1 Hz was achieved in
approximately 5 min. The data were obtained in the form of
the dielectric complex permittivity &¢* = & — ig”, where &
and &’ are, respectively, the relative permittivity and the
dielectric loss, and i = v/—1. Before measurements, the sam-
ple cell was short and open-circuit corrected and the loss fac-
tor accuracy of a 100 pF-low capacitor reference was less
than 10~

The general AC conductivity features for solids are as
follows. At low frequencies and high temperatures, ¢’(w) is
frequency independent and the value of the plateau region
corresponds to the DC conductivity. Around the onset fre-
quency f,, AC conduction sets in. At high frequencies, ¢’(®)
is close to a frequency power-law with an exponent n

between 0.7 and 1.0, which was found to be higher than
unity in some cases (and there is no argument to restrict the
value of n below than one).'®!” The AC conductivity g,¢ in
dielectric materials expressed in the frequency domain may
be given by the following universal law:*>°

oac(w) = wee” (w) = opc + K",

where ¢, is the vacuum permittivity (¢, = 8.854 x 10""*Fm™")
and opc corresponds to the low frequency value when g ,¢
becomes frequency independent (plateau region), K is a tem-
perature dependent parameter and »n is the exponent of the
power law. Actually, during the AC electric polarization of a
material, the charge carriers scan a distance corresponding to
the period of the electrical field. Hence, at low frequencies,
the carrier charges have enough time to scan different amor-
phous regions leading to a normal diffusion and the DC con-
ductivity is determined by overcoming of unfavorable places
in the solid for the formation of a continuous “percolation”
path between the electrodes. At higher frequencies, the car-
riers are expected to travel only within small amorphous
areas and better use is made of the “conductive” places with
very large jump probability. Thus, the conductivity
approaches the DC value at low frequencies and increases
with frequency.

However, the AC conductivity spectra at various dwell
times at 280 °C of the parylene HT are not corresponding
exactly to the aforementioned features as it can be seen in
Fig. 1. At low frequencies, conductivity is slightly frequency
dependent without the presence of a clear plateau.
Accordingly, the true DC conductivity values cannot be
extracted from Fig. 1 due to another behavior known as
LFD. This phenomenon is distinguished from pure DC con-
duction by an increase in the charge storage (¢) (not shown
here). The LFD behavior represents an extension of the
aforementioned universal law, with a different power-law
index.?' The LFD mechanism is not fully understood yet and
has been the subject of different studies. In Ref. 22, the LFD
has been related by Dissado et al. to the large occupancy fac-
tor which allows the bound species to interact one with
another, so as to modify the regularity of the inter-site spac-
ing in the material bulk. In Refs. 23 and 24, Jonscher has
suggested a model for the LFD in which the storage of
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FIG. 1. Decrease of AC conductivity values vs time during the transition
phase crystallization occurrence at 280°C. The inset graph (a) presents,
respectively, the variation of n and p exponents. The inset graph (b) presents
[, against time. The values of n, f., and AC conductivity show noticeable
variation during the first 600 min at 280 °C followed by quasi-stabilization.



charge and of energy takes place electrochemically and not
electrostatically. Recently, the effect of electrochemical stor-
age between the charged metallic electrodes and the tested
material ions on the increase in ¢ and the decrease in ¢’ has
been evidenced.”>*°

The n and p exponents are defined by d log(a’)/d log(w)
above and below f,, respectively. Their values are obtained
from the slope of straight lines in graph log(c’) versus log(w)
and are represented in the inset (a) of Fig. 1. The n parameter
has been used to understand the electronic hopping process
in polymer material.>”*® The power law dependence of con-
ductivity has been related to the intrinsic disorder of the
amorphous phase.” In our study, n shows continuous increase
and tends toward a constant value of 1 during the isothermal
storage at 280 °C. Accordingly, and since the electronic hop-
ping process is influenced by the transition phase occurrence,
it seems reasonable to conclude that the polymer amorphous
phase morphology varies during the transition phase occur-
rence. On the other hand, the p parameter seems independent
on the dwell time at 280 °C. This can highlight that the varia-
tion of the crystalline regions properties during the transition
phase occurrence (crystallites size and number as well as the
inter-reticular distance) did not affect the LFD mechanism.
The inset (b) of Fig. 1 represents the variation of the
extracted f. against time. According to Dyre theory, the f,
value corresponds to the maximal frequency needed for the
charge carriers to overcome the highest energy barrier limit-
ing the dc conductivity.]8 The f. value tends to decrease
steeply during the first 60 min followed by a slower decrease.
This indicates the increase of the highest energy barrier dur-
ing the crystallization occurrence and than longer time
required by charge carriers to overcome it.

The decrease in the o, values normalized to the initial
measured one for different frequencies during the storage at
280°C is presented in Fig. 2. At frequencies below 10 Hz the
variation seems to be frequency independent and is related to
the variation of the mesoscopic conduction phenomenon. The
decrease of about two orders of magnitude can be explained
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FIG. 2. Variation of g4 normalized to the initially measured value ¢
during the dwell time at 280 °C for different frequencies. Data for frequency
values between 10Hz and 1kHz are not presented since the conduction
mechanism varies with the time. For frequencies below 10 Hz, the variation
of normalized g4¢ values are identical. For frequencies above 1 kHz, the
variations of normalized cAC values as well as the stabilization time are fre-
quency dependent.

by the decrease in the mobile charge density, the increase of
the energy barrier already mentioned and the increase of the
percolation paths length induced by the reduction of the con-
ductive amorphous phase transferred to the crystalline phase.
In addition to those simplified and evident reasons, amor-
phous phase variation suggested during the investigation of
the electronic hopping process may have a significant role. In
fact, we assume that the growing crystals or additional sec-
ondary ones may act as physical cross-links in the amorphous
phase slowing down the charge dynamic inside. Hence, the
increase in crystallization not only reduces the charge density
due to their incorporation within crystallites, but also may
constrain additional amorphous material located adjacently to
the crystals, and known as rigid amorphous phase (RAP).
This RAP has been evidenced by several authors, and affects
closely the chain relaxation mechanisms.***3 It is believed
that the effect of RAP can be extended to conductivity values
since the conductivity in polymers has long been viewed as
confined to the amorphous phase above the glass transition
temperature, where polymer chains motion creates a dynamic
disordered environment facilitating the charge transport.®’ By
increasing frequencies (above 1 kHz in our case), the stabili-
zation times of the AC conductivity decrease during the stor-
age and the variation of normalized AC conductivity values
also decreases. In fact, at the highest test frequencies, the
scanned most conductive regions in amorphous phases are
slightly affected by the phase transition occurrence. On the
contrary, by decreasing the frequency, phases with lower con-
ductivities are scanned as well, and the latter are more
affected by the phase transition and longer periods are man-
datory to reach constant values.

Since this crystalline transition phase can improve the
low field dielectric properties, the optimal storage time
needed at a defined temperature to accomplish the crystalline
phase transition is very useful and can be monitored by three
parameters obtained from the AC spectra in different fre-
quency windows: the below f. conductivity values, the f;, val-
ues and the power law exponent 7 values.

In order to observe changes in the film crystallinity,
wide angle X-ray diffraction (WAXD) was performed before
and after the dielectric measurement at 25 °C with a CuKa
radiation (1 =0.15418 A) using a 1° grazing incidence angle
over 10° to 80° in 20 with a 0.02° step size and 10s/step
scans. The observed peak is related to the 100 planes lying
parallel to the film surface that are well detected by our ex-
perimental technique. According to Fig. 3, the peak intensity
increases and it shifts towards higher angles 26. This reveals
that the overall crystallinity of the parylene films increases
after the isothermal storage. The crystallite size varies from
4.7 nm up to 5.9 nm and the inter-reticular distance decreases
from 4.64A to 442A after the 1240 min of storage at
280 °C. Generally, the evolution of crystallinity with time is
defined by Avrami equation and shows sigmoidal shape.’**?
Due to the initial role of RAP in the conduction mechanism
as well as the possible beginning of the crystalline phase
transition before the first measurement at 280°C, it was
expected that the evolution of dielectric did not fit the
Avrami equation. Otherwise, it has been found that the tran-
sition phase temperature obtained by dynamic scanning calo-
rimetry experiments of fluorinated films was higher than the
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FIG. 3. Variation of the WAXD spectra before and after isothermal DRS
measurement at 280 °C. An increase on crystallinity after the DRS measure-
ment can be observed from the higher intensity of peak and its shift toward
higher angles.

temperature extracted from dielectric spectroscopy.'’ This
difference is most probably due to the confinement of the
film by the substrate inducing the compressive thermal stress
in the plane of the substrate-confined films and causing the
conversion to the higher temperature phase at lower transi-
tion temperature than observed for the free standing films
studied by the DSC."?

In summary, conductivity spectra in PA-HT films using
MIMS were investigated by DRS at high temperature during
the isothermal crystalline phase transition occurrence. This
represents a great theoretical and experimental interest to
understand the relation between the film crystallinity and dif-
ferent parameters extracted from conductivity spectra, and to
improve the high temperature low field dielectric properties
by an optimized annealing time. During the first period of
dwell time, the values of the conductivity for frequencies
lower than f,. are strongly affected by the crystalline phase
transition and the increase of crystallinity, and values tend to
stabilize. The power exponent n and the offset frequency f.
show values with a strong variation during the first 600 min
and a tendency to stabilize with time. This observation leads
us to conclude that n, f,, and o4¢ for f<f. can be used as a
probe of the transition phase of PA-HT. The high frequency
hopping process shows a variation during the crystallization
occurrence and the variations of normalized values as well
as the stabilisation time are frequency dependent. The
increase of crystallinity is observed by WAXD before and
after the measurement. However, we are aware that for a
more complete scheme and a better understanding of the
conductivity spectra of semi-crystalline polymers during
the crystalline transition phase, a completed analysis of the

crystalline structure evolution should be obtained by the real
time evolution of the XRD spectra.
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