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© Springer Science+Business significant reduction in high-field leakage current at high temperatures because
Media, LLC, part of Springer of O, plasma treatment of PI. In this study, we investigate field-dependent
Nature 2019 current density [J(E)] data measured in our previous study by Meddeb et al.
(2016) to identify the surface and bulk mechanisms responsible for high-field
conduction behavior of O, plasma-modified PI films. Specifically, we analyze
the J(E) data using three conduction theories: Poole-Frenkel, Schottky, and
Hopping. Poole-Frenkel and Schottky analyses are performed by the imple-
mentation of linear regression. Hopping analysis was performed using a rig-
orous statistical technique that incorporates nonlinear regression as well as a
bootstrap statistical analysis of fit parameters. Analysis of J(E) data over the
temperature range 25-175 °C indicates that 13-micron-thick untreated PI films
are dominated by a hopping process at lower temperatures; however, transition
to Schottky-dominated conduction occurs as temperature is increased. Films
treated with O, plasma show similar characteristics to the untreated set: Hop-
ping dominated conduction at low temperatures with gradual transition to
Schottky. However, the transition to Schottky conduction occurs at a higher
temperature in plasma-treated films in comparison with the untreated control
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set. These results are verified by (1) extracting dielectric permittivity from
Schottky plots as a function of temperature and (2) a statistical interpretation of
confidence intervals calculated for hopping fit parameters used in low-tem-
perature nonlinear regression. Outcomes from theoretical analysis of the data
are used to provide further insight into how surface chemistry may be tailored
to limit high-field leakage current in polyimides and insulating polymers in

general.

Introduction

There exists a need to develop next-generation
materials for power electronic applications with
lighter weights and smaller volumes, yet capable of
operating with high efficiency at high temperatures.
Organic dielectric materials are one option, due to
their ease of manufacturability, light weight, and
favorable electrical properties such as high break-
down strength. Currently, biaxially oriented
polypropylene (BOPP) is considered the state of the
art in capacitor films, exhibiting a breakdown
strength on the order of 850 MV/m [1] and theoret-
ical power densities calculated to be in the range of
10° W/cm® [2]. Other materials relevant to high-
voltage dielectric applications are polar polymers
such as polyvinylidene fluoride (PVDF) along with
its associated copolymer poly(vinylidene fluoride—
trifluoroethylene) (P(VDF-TrFE)) and terpolymer
poly(vinylidene fluoride-trifluoroethylene—chlorotri-
fluoroethylene) (P(VDF-TrFE-CTFE)). Recent
research done on blended PVDF/P(VDF-TrFE-
CTFE) composites show impressive breakdown
strengths (640 MV/m) and energy densities mea-
sured as high as ~ 20 J/cm? [3, 4]. Routes to improve
the high-field performance of pure organic dielectrics
that depends on more involved processing proce-
dures have also been studied. Past research done on
organic dielectrics fabricated by the coextrusion of
P(VDF-HFP) and polycarbonate (PC) demonstrates
the ability of the composite material to achieve a
breakdown strength that exceeds that of either con-
stituent material [5].

Although these materials show promise to develop
the class of next-generation power and energy-dense
organic electronics, their low melting temperatures
near 160 °C limits their ability to withstand energy
dissipation attributed to high dielectric loss and
leakage currents. This can be conceptualized by a

device’s performance represented by a Ragone plot:
In the case of power electronics, the boundaries of
capacitor performance are represented by power
versus energy density and are determined by the
material’s internal losses and/or leakage [6]. In the
case of PVDF, its polar nature causes the material to
be inherently susceptible to high dielectric loss [7]
exhibiting loss tangents that reach as high as
~ 0.5-1.0% [8]. As a result, PVDF experiences high
leakage currents at DC frequencies even at low tem-
peratures, within the range of 107°-10"% A/m? at
fields exceeding 20 MV m™' depending on material
geometry and processing technique [8, 9]. In the case
of nonpolar BOPP, dielectric absorption is very low,
exhibiting dielectric loss tangents as low as 10~* at
low fields [10]. However, the application of high
electric fields required for high-power and energy
applications causes energy dissipation in the form of
leakage current. This leads to Joule heating, a pre-
cursor to dielectric breakdown [11, 12], causing
temperature elevation of the material regardless of
ambient operating conditions, and bringing the
material closer to its relatively low derating temper-
ature of 80 °C [7].

Another influence which limits the applicability of
these materials is ambient operating temperatures for
applications that require thermal stability within the
range of PVDF's and BOPP’s melting temperatures.
For example, passive electronics fabricated for auto-
motive applications must retain continuous struc-
tural and electrical stability within 150-200 °C,
measured on engine and in transmission during
vehicle operation [13, 14]. This creates a demand for
volumetrically efficient capacitors that can maintain
high voltage/temperature stability manufactured at
low costs. Unlike BOPP, PC, and PVDF blends and
composites, polyimide (PI) exhibits a combination of
large breakdown strength measured at 615 MV m ™"
[15] and high glass transition temperatures reported
in the range of 370470 °C depending on chemical
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structure and processing [16, 17]. Low dielectric dis-
sipation factor in the range of 107> (provided by
Dupont™ Kapton® HN material data sheet as well as
literature [18]) and a potential of high energy and
power density add to its appeal as a next-generation
high-field dielectric material. Despite these favorable
properties of PI, high-temperature environments
combined with charge injection at the electrode/di-
electric interface put the material at risk of Joule
heating and high leakage currents during operation.
Implementation of processing procedures that can
limit the leakage current through PI at high temper-
atures are required to achieve its full potential as a
high-temperature dielectric polymer.

Reactive plasma treatments of polymers have been
shown to have a significant impact on material chem-
istry [15, 19, 20] and properties such as wettability
[21, 22] and adhesion [23-26]. In addition, plasma
treatment has been demonstrated to influence electri-
cal properties. In previous work by Mammone et al.
[27], plasma treatment processing using 96% CF4/4%
O, on polypropylene resin prior to melt extrusion was
shown to increase the dielectric breakdown strength of
the material by 20%. Similar work done that uses 96%
CF,/4% O, plasma treatment on the surface of 12-mi-
cron PVDF films led to 11% increase in dielectric
breakdown strength relative to untreated control
samples [28]. Recently, research done in our group by
Meddeb et al. [15] showed that plasma surface treat-
ment using pure O, on Pl resulted in reduced spread in
dielectric data, improved Weibull modulus at low
temperatures and improved breakdown strength at
elevated temperatures. Among these observations, an
order of magnitude reduction in leakage current at
150 °C was also noted. This study provided a thorough
chemical analysis using XPS and H,O sessile drop
experiments to characterize the surface of the films
after plasma treatment and surmised that the inclusion
of O containing species at the surface of the film
resulted in charge trapping and scattering effects at the
electrode/dielectric interface at high temperatures.
Meddeb et al. [15] also posited that the mechanism
dominating conduction through the material could
potentially be changed and controlled using surface
chemical modification. To this date and to the best of
our knowledge, this hypothesis remains untested. In
the present work, the current density vs electric field
[J(E)] behavior of PI films measured in Meddeb et al.
[15]. (https://doi.org/10.1016/j.cplett.2016.02.037) is
analyzed using a series of theoretical frameworks that
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describe conduction through insulators and semicon-
ductors to investigate the effect that O, plasma surface
treatment has on high-field conduction in polyimides
over a broad temperature range. This study will
leverage further research that focuses on the role of
dielectric/electrode interface in controlling conduc-
tion in PI and other organic dielectrics.

Analytical methods

Past research on PI has demonstrated the material’s
propensity to conduct via various charge transport
mechanisms. Work by Diaham et al. [29] investigated
conduction characteristics of thin (1.4 um) PI films
under high electric fields (in the range of 100 MV /m)
and high temperatures (320-400 °C). In Diaham’s
work [29], analysis of pre-breakdown currents as a
function of field and temperature suggests conduc-
tion at very high temperatures and fields preceding
dielectric breakdown is a space-charge-dominated
process. This result coincides well with results
obtained by Kishi et al. [30] where pulsed electroa-
coustic measurements demonstrate hetero-space-
charge formation increase as a function of field
intensity and temperature prior to breakdown. Both
of these studies involve either application of very
high electric fields for long times (Kishi ~ 260 MV/
m at t > 10 min [30]) or sample exposure to extre-
mely high temperature (Diaham T = 400 °C [29]) to
stress the material in the range of pre-dielectric
breakdown. Space-charge measurements under less
extreme conditions by laser intensity modulation
method in 10 pm PI films for long timescales
(t ~ 30 min) and moderate fields ranging 0.5-2 MV/
m show charge accumulation within the samples
dependent on electronic charge injection at the anode
and cathode [31]. Given these results, the analysis in
this manuscript will be carried out using a combi-
nation of theoretical frameworks that describe both
bulk-dominated and interface-dominated processes
which are reviewed in the following section.

Bulk-dominated conduction

Conduction through polymer dielectrics are typically
analyzed using one of two theoretical frameworks:
Poole-Frenkel (PF) or hopping [32]. The PF model for
conduction describes field-enhanced thermal de-
trapping of electrons or holes from impurity centers
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distributed through the bulk of the material [33]. In
the case of PI and other organics such as polyte-
trafluoroethylene (PTFE), this framework is typically
considered because of the high density of impurity
centers located within the bulk of the film arising
from its partly amorphous structure [34]. The PF
transport current is defined by Eq. (1):
1

]pp = GEE%€$, (1)
where Jpr is the current density, ¢ is a constant rela-
ted to charge, carrier density, and carrier mobility,
E is the electric field, k is Boltzmann’s constant, T is
temperature, ¢pr is the trap barrier height at zero
field, and fpr is a constant. In Eq. (1), fipr = (qs/neo_
&)'/? where g is the elementary charge and is related
to field-assisted barrier height lowering in the mate-
rial and &, is the material’s dielectric constant.

Hopping conduction theory is similar to PF theory
in that it describes a conduction process occurring
through the material’s bulk. In hopping, the charge
carrier undergoes a diffusion-based carrier-hopping
process [32, 33, 35]. The mathematical framework that
governs this process is presented in Eq. (2):

e 14
Ju = Joe® sinh {ZkT] . (2)

In Eq. (2), |, is a constant of the form nfdg with
n defined as a carrier density, f carrier vibration fre-
quency, d the distance between trap sites termed the
“hop distance,” and g the elementary charge. The
term ¢y is typically referred to as an activation
energy or barrier height for the hopping conduction
process [33, 36].

Interface-dominated conduction

In this work, we also consider the possibility of
Schottky-type emission. Schottky theory assumes that
conduction is dominated by charge emission through
the dielectric/electrode interface. This framework is
considered in the analysis of plasma-treated PI for
two reasons: (1) The fact that plasma treatment is a
surface modification process, and (2) the treatment’s
influence on conduction that has been observed at
high temperatures [15]. The mathematical framework
for Schottky emission is very similar to PF-type
conduction and is presented in Eq. (3) below.
1

BSE2  —¢g

J=AT?etrem (3)
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Equation (3) differs from (1) by the three main
parameters A’, ¢s, and Ps. The constant A" is the
Richardson constant and has the form 4nqmek2/h3,
with m, being the mass of an electron and % is Plank’s
constant. ¢g is the Schottky barrier height defined by
the difference between metal contact work function
and electron affinity of the test material, and fs is a
constant related to field-assisted barrier height low-
ering. In Schottky, fs = (q3/47[808r)1/2 and is slightly
different than that of PF emission because it takes
into account the image force potential associated with
charge leaving the electrode during injection.

Results and analysis
Leakage current results

Kapton® PI samples, 13 pm thick, were obtained
from Dupont. The PI and PPIDS sample sets consists
of three untreated and plasma-treated samples (re-
spectfully) electroded using 100-nm evaporated sil-
ver. During electrode evaporation, each sample set
was exposed to high vacuum (107° Pa) for approxi-
mately 2 h. Electrodes were circular and 1 cm in
diameter for each sample. The three samples labeled
PPIDS are plasma-treated with O, on both sides of
the film prior to electrodes deposition. The flow rate
was held at 200 sccm, and the treatment power was
200 W that lasted 5 min/side. During plasma treat-
ment, low vacuum was applied, stabilizing between
0.42 and 0.45 Pa. Details concerning specifics about PI
surface chemical characterization as well as J(E) data
acquisition are present in the parent study and made
available to the dedicated reader in Meddeb et al.
[15]. (https://doi.org/10.1016/j.cplett.2016.02.037).
Current voltage measurements were performed
using a Hewlett Packard 4140B pA meter that served
as its own DC source connected to a Trek voltage
amplifier model 10/10B-HS. Initial measurement of
the charging current transients in PI was done at the
lowest fields of measurement used in this study
(823 MV/m) and at room temperature. Figure 1
shows charging current as a function of time. The
lowest current measured was 40 pA (after a 100-s
voltage hold time) with 8 MV/m applied, which is
well above the minimum 1 pA that can be measured
by the pA meter. Steady state in the measurement
begins at 20 s indicated by a plateau in charging
current. At higher temperature and fields, plateauing
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Figure 1 Charging current measured for PI as a function of
charge time at room temperature.

in the current occurs at shorter times, making 20 s a
reasonable hold time where a) steady state in the
current is achieved and b) the chance for sample
degradation at high fields and high temperatures is
minimized.

A significant reduction in leakage current through
PI was measured following O, plasma surface treat-
ment in our previous study by Meddeb et al. [15] and
is shown in Fig. 2. At low temperatures, the average
current density of both the untreated PI and O,
plasma-treated PPIDS data sets are within the same
range. As temperature increases to 150 °C, the aver-
age current density for PI at 115MVm™' is
4.04 x 107* A m 2 which is an order of magnitude
larger than the PPIDS measured to be
407 x 107° A m~2. At all temperatures, there is less
scatter in the data for plasma-treated samples relative
to the untreated control set; however, this is espe-
cially true at high temperatures and electric fields.
Due to the similarities in sample storage and pro-
cessing between the PI and PPIDS sample sets,
changes in current magnitude and scatter are linked
back to a change in surface chemistry after the
plasma treatment procedure: Increases in hydroxyl as
well as carbonyl and carboxyl groups due to treat-
ment are detailed in Meddeb et al. [15] and have also
been reported by Inagaki et al. [37] to be present in
Kapton® films post-oxygen plasma treatment.

The impact that plasma treatment has on the
magnitude of leakage current through the film as a
function of temperature and field can be seen from
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Figure 2 J(E) data for untreated and O, plasma surface-treated PI
at a 25 °C, b 100 °C, and ¢ 150 °C. Applied voltage is held for
20 s (time required to obtain steady-state conduction) before
current measurement at each field.

the data presented in Fig. 2; however, the exact
mechanisms responsible for this reduction are not yet
determined. It is important to seek out the exact
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mechanisms by which plasma surface treatment
limits conduction so that similar results can be
exploited to decrease leakage currents and improve
high-field and high-temperature performance of
dielectric films. This requires quantitative analysis
under a set of theoretical frameworks that describe
high-field conduction through dielectrics. The fol-
lowing sections use the theoretical frameworks that
describe bulk-dominated and interface-dominated
conduction to quantify how plasma surface treatment
achieves reduced leakage current and discuss its
impact for future high-temperature capacitor
development.

Data analysis
Modeling bulk conduction

Initially, PF theory is considered. The linearization of
Eq. (1) leaves the following expression for conduction
under PF framework:

LnGg)__mi?Q—%¥+Im@j (4)

The slope of linearized data can be directly related to
Ppr at a single temperature T. Since J(E) data were
recorded isothermally at temperatures ranging
between 25 and 175 °C, the permittivity of PI can be
extracted directly from the slope of the PF plots using
the expression for fpr stated in “Bulk-dominated
conduction” section. This procedure is done at each
temperature by applying a linear regression fit to the
data plotted in PF plot format (Ln(J/E) vs. E*?). The
slope m of the regression function is then converted
to permittivity using the following equation:

, 71-1

- lw] (5)
q

Treatment of the data in this manner produces &, pr

values that range between 500 and 20 depending on

temperature. Considering that PI's accepted range in

permittivity is between ~ 2.25 at high frequencies

and ~ 3.15 at 1 kHz, it is concluded that PF theory
inadequately describes the behavior of the material.'

! More information on PF analysis including treatment of data
and calculated values of ¢, pr are provided in the supporting
supplemental document, section I-i.
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Past work done on PI by Sawa et al. [38] and Sacher
[39] suggest that room-temperature conduction
through the material is a result of proton hopping
originating from carboxyl groups in unreacted
polyamic acid (PAA) within the bulk of the material.
Hopping conduction is described using Eq. (2) and is
more complex than Egs. (1) and (3). This equation
cannot be linearized to calculate fit parameters J,, ¢,
and d. Instead, fitting is performed using the statis-
tical software RStudio where a nonlinear regression
technique optimizes the parameters |, and 4 to min-
imize the sum of squares between Eq. (2) and raw
data.

In hopping conduction theory, the value of ¢y is
taken as low field activation energy. In this study,
low field activation energy is estimated using the
following Arrhenius-type equation for conduction

—ou

I=Ier, (6)

where I is measured current, and I, is a constant
associated with conduction as ¢y approaches 0. Fig-
ure 2 demonstrates how surface chemical modifica-
tion reduces leakage current, potentially impacting
the conduction mechanism at high temperatures and
fields. For this reason, the PI set is used to extract low
field activation energy to exclude effects introduced
by plasma treatment. I(V) data for the PI set are
plotted as a function of Ln(I) versus T~ ' and pre-
sented in Fig. 3.

Measurements taken at 100 V at each temperature
were used for low field currents. The data are
described well using the Arrhenius relation in Eq. (6)
and returns an activation energy of 0.25 eV, which is
within range reported in studies where PI was pro-
cessed by solution casting and vapor deposition
under AC and DC field conditions [36, 40]. Similarly,
¢y < 1.0 eV is indicative of electronic-based con-
duction in the film, implying electrons may play a
role as charge carriers during DC conduction in the
film [40]. This result can be related back to work done
by Ito et al. [36], Sawa et al. [38], and Sacher [39]
where the conduction through PI films was found to
be dependent on proton hopping stemming from the
carboxyl group presence due to unreacted PAA. In
the current study, PI films are obtained from Dupont
and are of high quality. Although the complete
absence of proton conduction from carboxyl entities
is not guaranteed, the quality of the films suggests
limited proton conduction resulting from unreacted
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Figure 3 Arrhenius plot for Pure P1 over the temperature range
25-150 °C. Activation energy is extracted from linearization of
Eq. (6) and the slope of the linear fit function.

PAA compared to PI films studied by Sacher [39].
This analysis coincides well with work done by Tu
and Kao [41], where C-V experiments performed on
100% imidized PI suggest conduction is dominated
by an electron transport process, potentially occur-
ring via hopping along acceptor states both along the
polymer chain’s backbone and between adjacent
chains.

A combination of physical arguments as well as
statistical analysis was used to assess the validity of
the hopping model to explain the J(E) behavior. Due
to the form of the function used to fit J(E) data, cal-
culation of P values should not be implemented to
determine parameter estimate significance. Nonlinear
models do not have a well-defined relationship
between parameter (in this case d and Jo) and pre-
dictor variables (applied field E), which inhibits the
creation of a single hypothesis test that can represent
all nonlinear models. A more appropriate method to
determine parameter significance for our purposes
would be computation of a confidence interval for
each parameter estimate. Unfortunately, the distri-
butions of fit parameters describing the sample sets
are unknown and difficult to extract from measure-
ments given the sample size N = 3 in each sample set.
To estimate a distribution for the parameters, boot-
strap statistics are employed where variation of fit
parameters that describe the data set can be estimated
by sampling with replacement. This method yields a
confidence interval for Jo and d that reflects variation
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among the samples comprising PI and PPIDS sample
sets.””

Physical arguments concerning the model’s valid-
ity begin by examining the hop distance. Values of
d are first considered to assess how well the hopping
model describes sample behavior and are plotted in
Fig. 4 for both sample sets as a function of tempera-
ture. Hop distance estimated for both sample sets
ranges between ~ 10 and 30 A, which is within the
range of hop distances reported in the literature for PI
and also BOPP [11, 36, 42, 43]. At room temperature,
d is estimated to be approximately 12 A, which is
quite close to the length of the chemical repeat unit of
PI (~ 15 A measured by X-ray diffraction in Ito et al.
[36]) which suggests hopping conduction propagates
in the polymer chain direction through the material.
At higher temperatures, the hop distance increases in
both sample sets: 25 A in PI at 75°C and 24 A at
125 °C in PPIDS. This exceeds the chemical repeat
unit for the material and may reflect a transition from
intrachain to interchain charge carrier hopping at
higher temperatures.

Jo is also analyzed across the measurement’s tem-
perature range. Using the relation |, = nfgd, a nf
(product of carrier density and vibration frequency)
can be calculated from fit estimates. The product nf
ranges from 1.6 x 10 to 4.4 x 10®° m®s™' in PI
between 25-75°C, and from 5.6 x 10** and
8.0 x 10 m™> s™" in the PPIDS set between 25 and
125 °C. These ranges are compared to previous work
done by Ito et al. [36] that focuses on the effect of
curing vapor-deposited PI films. Films undergoing
4 h of curing returned nf values after fitting on the
order of 1 x 10’ m™>s™' while uncured films
returned 1 x 10> m™s™". The films used in this
study produce a value of nf within the range reported
by Ito et al. Small differences can be expected con-
sidering the difference in sample preparation, as well
as fitting procedures used: Ito et al. [36] obtains
higher activation energy of 0.34 eV and uses a series
of low and high-field approximations on Eq. (2) in
fitting.

2 A more detailed outline of the bootstrap statistical approach
can be found in the supporting supplemental document,
section 1-ii, a and b. Content found in this manuscript is
focused on statistical interpretation only.

® Annotated RStudio script used for fitting and bootstrap

analysis is found in section 2-i of the supporting supplemental
document.
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Figure 4 Hopping parameters ], and d estimated using the bootstrapping statistical approach.
Table 1 Parameter fit values
and confidence intervals at Temperature (°C) 25 75 100 125 150 175
;?Ci‘a:jnllgzr:tme for untreated 698 x 1074 736 x107*  256x107° - - -
P 2.5% CI 3.66 x 107* 1.03 x 1073 1.67 x 107° - - -
97.5% CI 1.16 x 1072 223 x 1073 8.25 x 1073 - - -
A estimated 1.26 x 107° 2.50 x 107° 3.18 x 107° - - -
2.5% CI 9.52 x 10710 1.38 x 107° 1.03 x 107° - - -
97.5% CI 1.60 x 107° 4.66 x 107° 1.04 x 1078 - - -

No values for ], or d are provided because of the program’s inability to fit the data using Eq. (2)

Statistical interpretation of the fit results was used
to comment on the behavior of the sample set as a
function of temperature. At 25 °C, there is very little
change in the estimated values of either fit parame-
ters between sample sets. This is an expected out-
come considering similarity in behavior between PI
and PPIDS sample sets at low temperature reported
in Fig. 2. It is also noted that the estimates of 4 and ],
are centered within their respective confidence
intervals computed by bootstrapping which are pre-
sented in Table 1 for PL. This implies that the esti-
mated parameters follow a symmetric distribution,
which is most likely caused by the samples within the
data sets behaving similar to one another as a func-
tion of electric field. As temperature is increased to
100 °C, a significant separation in the values of |, and
d estimated from PI and PPIDS sets occurs. Both
parameters for the PI set exceed values computed for
PPIDS. Greater change can be noted in the 95% con-
fidence intervals for both fit parameters in PI. At
100 °C, the confidence interval pertaining to d ranges
a full order of magnitude. Similarly, the estimated
value of d is no longer centered within the confidence

interval, indicating an asymmetric distribution for
hop distance. A similar outcome exists for |, dis-
playing an asymmetric distribution with confidence
interval ranging seven orders of magnitude at 100 °C,
indicating a major variation between the samples
comprising the PI data set. These outcomes of fitting
d and |, at high temperature diminish the significance
of their estimated values, indicating a poor fit to the
data. Unlike PI, the PPIDS sample set does not show
a pronounced change in fit parameters within
25-100 °C. The confidence intervals for both fit
parameters are also significantly tighter and do not
display asymmetry, as shown in Table 2, suggesting
that samples within the set behaving quite similarly
as a function of field within this temperature range,
coinciding nicely with small standard deviations
calculated for PPIDS J(E) data in Fig. 2.*

* Histograms of parameter estimates from which confidence
intervals are derived are presented in the supporting supple-
mental document, section 3-i-a. Raw data is plotted with
superimposed nonlinear fits in section 3-i-b.
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Table 2 Parameter fit values and confidence intervals at each temperature for the plasma-treated PPIDS sample set

Temperature (°C) 25 75 100 125 150 175

Jowimaed 7.36 x 107* 1.53 x 1073 7.12 x 107* 3.94 x 107* 2.34 x 107* 2.70 x 107*
2.5% CI 6.17 x 107* 9.09 x 107* 424 x 107* 245 x 107 1.61 x 107* 1.84 x 107*
97.5% CI 8.70 x 107* 245 x 1072 1.13 x 1072 574 x 1074 3.03 x 107* 3.58 x 107*
Qestimated 1.19 x 107° 1.04 x 107° 144 x 107° 1.86 x 107° 2.55 x 107° 2.87 x 107°
2.5% CI 1.10 x 107° 7.59 x 10710 1.11 x 107° 1.57 x 107° 234 x 107° 2.64 x 107°
97.5% CI 1.27 x 107° 1.32 x 107° 1.75 x 107° 2.18 x 107° 2.84 x 107° 3.18 x 107°

Interface-dominated conduction

Schottky analysis was performed in a similar manner
to PF by the linearization of Eq. (3):

/
Ln(Js) = ﬁskETl i —%+Ln(A*T2). (7)

In Eq. (7), the J(E) data are plotted in a Shottky plot
(Ln(Jy) vs. E'®) where linear fit slope can be used to
calculate material permittivity using the form of f
discussed in “Interface-dominated conduction” sec-
tion. The data from Fig. 2 are transformed into
Schottky plot format and shown in Fig. 5 along with
their respective linear fit functions.

Both PI and PPIDS data sets behave similarly at
25 °C, which is expected given previous observa-
tions, as shown in Fig. 2. At 100 °C, a change in the
sample sets’ behaviors occurs where the slope of
linear fit corresponding to PI becomes steeper com-
pared to that of PPIDS. As temperature is increased
to 150 °C, the difference between these slopes still
exists; however, it is less dramatic. This implies that
the value of permittivity calculated using Schottky
theory will change depending on both temperature
and sample processing condition. Calculation of
permittivity under Schottky formalism is done via the
following equation:

(mkT)*4ne, -
Er,S = T (8)

Permittivity values calculated for each sample
group as a function of measurement temperature are
shown in Fig. 6. At low temperatures, Schottky the-
ory produces permittivity values within the range of
18 to 4 for PI, indicating that this model inadequately
describes conduction through the material. This out-
come coincides well with modeling performed using
hopping theory in Modeling bulk conduction that
confirms that low-temperature conduction is better
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described by a bulk-dominated process. At elevated
temperatures, starting at 100 °C, the PI sample set
undergoes a transition in behavior and returns a
calculated permittivity that lies within the range
considered acceptable for PI. The value of permit-
tivity calculated using Schottky theory remains
within the range of expected permittivities for the
material (determined by the high-frequency permit-
tivity given by refractive index squared (#°) and e,
measured at 1 kHz) up until 150 °C indicating that
high-temperature conduction is no longer dominated
by hopping but rather injection through the elec-
trode/dielectric interface.

Unlike the PI, PPIDS samples do not display
Schottky-type behavior at low and moderate tem-
peratures. In fact, Schottky theory does not return a
permittivity within the expected range of PI until
150 °C and is located at the upper limit of accept-
able permittivity for polyimide. At 175 °C, the cal-
culated permittivity for the PPIDS films are well
within the expected range for PI, displaying a value
similar to untreated PI at 100 °C. This demonstrates
that high-field conduction in plasma-treated poly-
imide can be described by a Schottky-dominated
process only after the film is exposed to 75 °C higher
temperature than untreated PI. This result is in good
agreement with the results obtained from “Modeling
bulk conduction” section that yielded good fits using
hopping theory spanning the entire temperature
range for the PPIDS set.

Discussion and conclusions

Plasma surface treatment using a mixture of oxygen
and helium gas demonstrates the ability to chemi-
cally alter the surface environment of PI, changing
both wetting and electrical properties of the film.
Results obtained from XPS measurements on plasma-
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Figure 5 J(E) data from Fig. 2 transformed into Schottky plot
format. Again, measurements were taken at a 25 °C, b 100 °C and
¢ 150 °C. Here slope of linear fit corresponds to fS/kT in Eq. (7).

treated PI from the previous study by Meddeb et al.
[15] indicate the increase of hydroxyl groups and
suggest the formation of added carbonyl and car-
boxyl moieties to the surface of the films.

In our previous study by Meddeb et al. [15], the
addition of these chemical moieties is surmised to
result in the high-field conduction suppression,
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Figure 6 Permittivity values calculated from linear fits from
Schottky plots between 25 and 175 °C. A shaded region is marked
indicating the range between high-frequency permittivity (%) and
permittivity measured between 100 Hz and 100 kHz.

suggesting that their presence serves to trap or scatter
charges at the interface. In this present work, it is
shown that low-temperature conduction through
untreated PI and plasma-treated PI is dominated by a
hopping-type mechanism, governed by the diffusion
of charge carriers through the bulk of the film. PI is
shown to diverge from this model at 100 °C,
exhibiting conduction that is well described by
Schottky theory, indicating charge injection at the
electrode/dielectric interface. Calculation of the acti-
vation energy in the low field regime indicates the
activation energy for DC conduction through an
untreated film is 0.25 eV implying the presence of
electronic charge carriers. This result strengthens the
outcome of high-temperature conduction modeling,
suggesting that electronic injection dominates leak-
age current through the material under the combi-
nation of sufficiently high electric field and
temperatures.

Plasma treatment increases the hopping-Schottky
conduction transition temperature from 100 to
175 °C. This result indicates that the combination of
hydroxyl, carbonyl, and carboxyl groups grafted by
plasma treatment could be preventing charge injec-
tion at the interface. Previous mention of the con-
duction at high temperature dominated by electronic
injection at the electrode/dielectric interface coin-
cides well with this theory: Electronegative-oxygen-
containing moieties create electron-trapping centers
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at the interface and limit current injection at high
temperatures. This finding correlates well with past
research that demonstrates conduction is electroni-
cally dominated [41, 44], indicating that the high-
temperature performance of PI can be improved by
simple surface chemical modification using O, to
suppress charge injection of electronic carriers. Sim-
ilarly, plasma treatment can potentially limit the
formation of electronic space charges in dielectrics in
the context of work done by Locatelli et al. [31],
thereby reducing field enhancements at the elec-
trode/dielectric interface. Future research concerning
PI's applicability for high-temperature dielectrics
should emphasize the role of the electrode/dielectric
interface and its potential to be used in tailoring
electrical properties of the material. The outcomes
from theoretical analysis of data are used to provide
further insight into how surface chemistry may be
used to tailor high-field leakage current in PI, and
other materials. Suppressing leakage current by
plasma surface treatment will potentially lead to
improved capacitor performance by limiting joule
heating, suppressing electronic space-charge devel-
opment under high fields, and extending the opera-
ble temperature range of dielectric materials for
power applications.
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