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Enhanced energy density and extraction efficiency of polar sol-gel
dielectric films with reduced residual ions

Mohanalingam Kathaperumal,*2® Yunsang Kim,*c Lucas R. Johnstone,? John P. Tillotson,? Yohan
Park,2 Ming—Jen Pan? and Joseph W. Perry*2

We report on the effect of residual ions in dielectric sol-gel films based on 2-cyanoethyltrimethoxysilane (CNETMS) on their
dielectric and energy storage properties for pulsed power applications. A wide range of pH from 1.5 to 6.5 is employed to
catalyze CNETMS sol-gel films. The sol-gel films processed at near neutral pH exhibit improved dielectric and energy storage
characteristics including a Weibull modulus of 11, an order of magnitude reduction of leakage current, and an extractable
energy density of 32 J/cm? with an energy extraction efficiency of 80% at 685 V/um, as compared with the films processed
at pH 1.5. These improvements are attributed to the reduced amount of ions within the sol-gel films, which is believed to
suppress the detrimental effects of mobile charge carriers that are likely to trigger field-driven scattering and impact
ionization, and subsequent catastrophic electrical breakdown under high electrical stress. The present work suggests the
importance of engineering residual charge carriers in dielectric sol-gel films based on trifunctional alkoxysilanes for pulsed

power applications.

1. Introduction

Thin films of polymer and polymer nanocomposite materials
with high energy density and low loss are of great importance
for pulsed power applications.!> The important properties of
the dielectric material for these applications include relative
permittivity, breakdown strength, failure reliability, energy
density, and energy extraction efficiency.® Although polymeric
dielectric films typically have high breakdown strength, in which
the high breakdown strength of the polymers is very
advantageous for commercial applications, the overall energy
densities of the polymeric films suffer from low permittivity of
the polymers.” Recently, poly(thiourea-co-1,1-
diphenylmethane) has been shown to have a maximum energy
density of 22 J/cm?3 with a permittivity of 4.5 and a breakdown
strength of 1000 V/um.2 Further, several approaches have been
pursued to improve the permittivity based on polymer
processing methods have greatly improved the dielectric
properties of the films including energy density (< 27 J/cm3 and
51 % energy extraction efficiency).’ Alternative materials have
also been explored for dielectric energy storage applications
including polymer nanocomposites,’®3 oxide doped
nanowires,* > and multilayer polymer thin films.26-20 Although
the relative permittivity is increased in the case of polymer
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nanocomposites (e.g., BaTiO; doped polyvinylidene fluoride
copolymers), the breakdown strength of the nanocomposites is
reduced significantly due to nanoparticle percolation and
porosity of films.2!

The organic-inorganic hybrid sol-gel approach is a promising
method for the formation of dielectric films, as it offers
relatively mild reaction conditions for the synthesis of materials
with molecular-level control of composition and solution-based
processing of films.2224 We have recently reported on hybrid
sol-gel films from 2-cyanoethyltrimethoxysilane (CNETMS)
featuring a compact cyano (C=N) dipolar group tethered to a
siloxane backbone (Si-O-Si) via a flexible linkage as a dielectric
material conferring high permittivity and high energy density.
The polar cyano group in the material is believed to provide an
orientational polarization mechanism which in turn imparts a
high permittivity on the thin films of the hybrid material.
However, performance of the CNETMS films was compromised
by electrical conduction arising from charge carriers either
intrinsically present or externally injected at the electric field
strength above 300 V/pum.?>

Charge blocking layers were employed to mitigate charge
carrier injection at high electric fields, which substantially
improved energy extraction efficiency and energy density of the
CNETMS films.25 27 However, the presence of intrinsic charges
in CNETMS films used to catalyze sol-gel reactions could still be
problematic at high electric fields. Similarly, the negative effects
of ionic impurities and associated disorder in metal oxide
dielectrics and organic semiconductors have been one of the
challenging research topics for optoelectronic materials.28-3°

Herein, we report on the effect of residual ions on the
dielectric and energy storage characteristics of the CNETMS
dielectric films. To vary the amount of residual ions, ie.,
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chloride ions (CI) coming from 0.1 N HCI as a catalyst, CNETMS
precursors were catalyzed in a wide range of pH from 1.5 to 6.5.
All spin-cast CNETMS films exhibited excellent uniformity and
comparable microstructure, supported by infrared
spectroscopy, X-ray powder diffraction (XRD), and atomic force
microscopy (AFM). Results from leakage current, breakdown
strength, electric field-polarization (P-E) and charge-discharge
(C-D) measurements show overall improved dielectric and
energy storage performance of the CNETMS films catalyzed at
pH 6.5 compared with the films catalyzed at pH 1.5, suggesting
suppression of conduction loss and premature electrical
breakdown triggered by residual ions combined with injected
charge carriers from electrical contacts at high electric fields.

2. Experimental
2.1 Preparation and characterization of the CNETMS sol-gel films

A CNETMS sol-gel composition at pH 1.5 was prepared as
reported earlier.>?7 In a typical example, a CNETMS sol,
methanol, and 0.1 N HCI in the weight ratio of 1:0.5:0.5 were
stirred overnight and then the mixture was spin-cast on an
indium tin oxide (ITO) coated glass (ITO/glass) substrate at 5000
rpm for 30 s. After curing the spin-cast film at 130 °C for 3 hrs
under vacuum, an 1 pum-thick CNETMS film was obtained. For
the other films at pH >2, a gel was formed after mixing the
mixture for 3 hrs (pH 6.5) or for 4 hrs (pH 3.0 and 4.8). The
preformed CNETMS gel was dissolved by 30 s ultrasonication,
followed by stirring after the addition of N, N-
dimethylformamide (DMF) as a solvent under ambient
conditions. The amount of DMF was the same to the amount of
water in the mixture. After overnight stirring, the mixture was
spin-coated onto on an ITO/glass substrate and cured at 130 °C
for 3 hrs under vacuum. The speed of spin casting was adjusted
to make the thickness of CNETMS films close to 1 um.
Specifically, the spinning speed in rpm and the thickness of the
associated CNETMS film were 5k and 1.06 um, 1k and 1.2 um,
2k and 1.04 um, and 2k and 1.1 um for pH 1.5, 3, 4.8, and 6.5,
respectively. The thickness of the CNETMS films were
determined using contact profilometry (Dektak 6M, Veeco).
FTIR spectra were acquired with FTIR spectrometer (FTS7000,
Agilent) equipped with an accessory for grazing incidence
measurement (80 spec, Pike technologies), collecting 4000
scans for a background and 6000 for a sample at a 1 cm™?
resolution. The surface morphology of the bilayer films was
analyzed by atomic force microscopy (ICON scanning force
microscope, Bruker) in the tapping mode. Powder x-ray
diffraction (XRD) data was obtained from the CNETMS films
(PANalytical, X'Pert PRO Alpha-1). SEM-EDX measurements
were conducted by field-emission scanning electron
microscope (Zeiss Ultra60) on samples with a sputtered gold
coating. Refractive index of the films was measured using a
Metricon 2010 prism coupler at a wavelength of 633 nm. The
films used for the measurements were spin-coated and baked
at 130 °C to achieve a thickness around 2.5 um.

2.2. Device fabrication and characterization of dielectric properties
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Capacitor device structures were fabricated using CNETMS films
on an ITO/glass substrate by depositing circular aluminum top
electrodes (480 nm thick and areas of 0.25 and 1.0 mm?) using
a shadow mask in a thermal evaporator (PVD75, Kurt J. Lesker)
at a deposition rate of 3 A/s. The capacitance and loss tangent
of the single capacitor devices were measured from 100 Hz to 1
MHz at 1 Vs by using an LCR meter (Agilent 4284A) and the
capacitance was converted to relative permittivity, &. The
dielectric breakdown strength was measured inside a glove box
(Labmaster 130, M. Braun, NH, USA) using a high-voltage supply
(Keithley 248) and a probe station (H-100, Signatone, CA, USA)
with a micromanipulator by sweeping the voltage from 50 V (DC)
at 10 V/s up to the point of breakdown, which was indicated by
a rapid increase in leakage current to over 200 pA. The
electrode area used for breakdown strength measurements
was 0.25 mm?2. All dielectric permittivity and breakdown
measurements were performed on at least 15 devices. Energy
densities of the devices were measured by the pulsed charge-
discharge (C-D) method and the polarization-electric field (P-E)
method. In the C-D method, a voltage pulse with a rise time of
~0.5 ms, a charging time of 10 ms, and a hold time of a few
hundred ms under various electric fields below the breakdown
field was employed. P-E measurements were performed by a
home-built modified Sawyer-Tower circuit, in which samples
were subjected to voltages up to 2 kV supplied by a high voltage
amplifier (Trek 610-D, Medina, NY). The induced charge on the
sample was measured using a charge integrator circuit. The
testing was performed using a unipolar sine waveform with a
period of 10 ms. For the C-D and P-E measurements, film
capacitors with an electrode area of 1 mm? were used. More
details of both measurements can be found elsewhere.?® All C-
D and P-E measurements were conducted on at least 5 devices.
As a sample was tested in air (not immersed in an insulating
liquid), special care was taken to maintain appropriate distances
(> 1 cm) between probes and cabling to avoid a flash-over.

3. Results and Discussion

Fourier transform infrared (FTIR) spectra of the powders from
CNETMS films catalyzed at various pH are shown in Figure 1a.
All the films exhibit strong peaks at 1030 and 1105 cm™
indicating Si-O-Si asymmetric stretching bands31-33 as well as at
2247 cm for C=N stretching, which confirmed the presence of
the siloxane network with pendant cyano groups. The main
difference in the FTIR spectra between the CNETMS films was
seen in the intensity ratio of the two strong bands in the 1000-
1300 cm™ interval, i.e., R = 1 (1105 cm?) / 1 (1030 cm™), which
represents the condensation state of a silicate sol-gel.3%3*R< 1
for the CNETMS film catalyzed at pH 1.5 indicates the
predominance of open-chain polymeric siloxane species,
whereas R ~ 1 for the films catalyzed at pH > 2 suggests the
predominance of tetrahedral (T,) cube like polymeric siloxane
networks.33 3% The microstructure of the CNETMS films was
further examined by XRD in Figure 1b. XRD patterns of the sol-
gel films displayed overall broad profiles, indicating the
dominance of amorphous structure except the peaks ranging
from 8.7° to 9.5° in 20, which are interpreted to reflect a

This journal is © The Royal Society of Chemistry 20xx
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correlation distance between oxygen atoms in 0O3=Si-C,Hy-
CN---CN-C,H4-Si=03, as similarly reported in polyhedral
silsesquioxanes  (XSiO;5), derived from trifunctional
alkoxysilane monomers with a substitute X.3% 3335 As shown in
Table 1, the correlation distance of 9.3 A for the CNETMS film at
pH 1.5 was increased to ~10.0 A for the films at pH >2. At the
same time, the band widths became narrower as pH increased,
indicating a less disordered siloxane structure. Uniformity and
microstructure of the CNETMS films were further examined by
AFM, which showed very smooth surface profiles with RMS
surface roughness in the range of 0.15 to 0.53 nm regardless of
pH (Figure 2). Combined data suggest that the catalytic
condition (pH) of the CNETMS films had some influence on the
condensation state of siloxane networks as well as on the
correlation distance between nanocrystalline domains (the
separation of oxygen atoms in siloxane networks). However, the
overall similarity in FTIR and XRD data as well as surface
smoothness from AFM suggests that the microstructure of the
CNETMS films is comparable to each other regardless of pH
employed in this study.

Frequency-dependent dielectric spectra of the CNETMS
films are shown in Figure 3. Relative permittivity of the films
prepared at different pH did not seem to vary much as a
function of pH (¢ ~ 20 @ 1 kHz). The pH-independent
permittivity values of the films suggest the origin of the high
permittivity to be the same that was reported earlier to be
arising from the reorientational polarization of the —CN group in
a crosslinked siloxane network.25 Loss tangent values of the
films processed at different pH remained nearly constant to
0.02 from 100 to 10 kHz. A rapid rise in loss tangent above 10
kHz is believed to be the onset of dielectric resonance arising
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from the reorientational polarization of the —CN group, which is
independent of pH. Based on the very similar trend in relative
permittivity and loss tangent over a wide frequency range, we
believe that the fabrication of the CNETMS films catalyzed at
various pH led to the formation of almost identical crosslinked
siloxane networks with tethering polar cyano pendant groups in
the resultant sol-gel films.

Leakage current of the CNETMS films at various pH is shown
in Figure 4a. Compared to the film catalyzed at pH 1.5, the
current density, J, of the CNETMS films at pH > 2 dropped by an
order of magnitude. Initial rise in the leakage current for the film
at pH 1.5 (in black dots) was ascribed to the activation of mobile
charges in the dielectric film,3¢ which was clearly suppressed in
the other films catalyzed at pH > 2. The possible sources of
current in these films are the ions (H*, OH~, CH30~ and CI)
generated from the catalyst used for the sol-gel hydrolysis and
condensation, namely 0.1 N HCI (@ pH 1.5), diluted 0.1 N HCI
(@ pH 3.0 and pH 4.8) and ultrapure water (@ pH 6.5). The main
contribution to the leakage current is assumed to be CI~ ions
since the concentration of CI~ions decreases as pH increases, as
shown in Figure 4b. Atomic weight percent of CI~ from the films
processed at various pH obtained by the elemental mapping in
energy-dispersive X-ray spectroscopy (EDX) indicates the
reduction of CI~ ions with increasing pH, in which the atomic
wt% of chlorine dropped from 9.05 at pH 1.5 to 1.28 at pH 4.8,
whereas the atomic wt% of nitrogen remained unchanged.
Moreover, the refractive index of the CNETMS films measured
at 633 nm decreased with increasing pH (Table 2), which was
also indicative to the decreased CI- in the CNETMS sol-gel
films.37

Intensity (a.u.)

260 (°)
Figure 1. (a) FTIR spectra of the CNETMS films processed at various pH. (b) XRD patterns of the CNETMS films processed at different
pH.

Table 1. Bragg angles (26), band widths (A in °28), and correlation distances obtained from the XRD patterns of the CNETMS films

catalyzed at various pH.

pH 20 (°) Band width (°20) Correlation distance (A)
1.5 9.47 1.58 9.3
3.0 8.89 1.31 9.9
4.8 8.72 1.32 10.1

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. AFM images of the CNETMS films catalyzed at various pH with RMS surface roughness values.

Frequency-dependent dielectric spectra of the CNETMS
films are shown in Figure 3. Relative permittivity of the films
prepared at different pH did not seem to vary much as a
function of pH (¢ ~ 20 @ 1 kHz). The pH-independent
permittivity values of the films suggest the origin of the high
permittivity to be the same that was reported earlier to be
arising from the reorientational polarization of the —CN group in
a crosslinked siloxane network.25 Loss tangent values of the
films processed at different pH remained nearly constant to
0.02 from 100 to 10 kHz. A rapid rise in loss tangent above 10
kHz is believed to be the onset of dielectric resonance arising
from the reorientational polarization of the —CN group, which is
independent of pH. Based on the very similar trend in relative
permittivity and loss tangent over a wide frequency range, we
believe that the fabrication of the CNETMS films catalyzed at
various pH led to the formation of almost identical crosslinked
siloxane networks with tethering polar cyano pendant groups in
the resultant sol-gel films.

Leakage current of the CNETMS films at various pH is
shown in Figure 4a. Compared to the film catalyzed at pH 1.5,
the current density, J, of the CNETMS films at pH > 2 dropped
by an order of magnitude. Initial rise in the leakage current for
the film at pH 1.5 (in black dots) was ascribed to the activation

4| J. Name., 2012, 00, 1-3

of mobile charges in the dielectric film,3® which was clearly
suppressed in the other films catalyzed at pH > 2. The possible
sources of current in these films are the ions (H*, OH~, CH3;0~
and CI7) generated from the catalyst used for the sol-gel
hydrolysis and condensation, namely 0.1 N HCI (@ pH 1.5),
diluted 0.1 N HCI (@ pH 3.0 and pH 4.8) and ultrapure water (@
pH 6.5). The main contribution to the leakage current is
assumed to be CI~ ions since the concentration of ClI~ ions
decreases as pH increases, as shown in Figure 4b. Atomic weight
percent of CI- from the films processed at various pH obtained
by the elemental mapping in energy-dispersive X-ray
spectroscopy (EDX) indicates the reduction of CI~ ions with
increasing pH, in which the atomic wt% of chlorine dropped
from 9.05 at pH 1.5 to 1.28 at pH 4.8, whereas the atomic wt%
of nitrogen remained unchanged. Moreover, the refractive
index of the CNETMS films measured at 633 nm decreased with
increasing pH (Table 2), which was also indicative to the
decreased CI~in the CNETMS sol-gel films.37

The dielectric breakdown strength, Eg, failure reliability
(Weibull modulus, 8), and Weibull distribution of the CNETMS
films are shown in Figure 5a and 5b. The details of determining
6 can be found elsewhere.?! 26 £ of the film catalyzed at pH 1.5
decreased initially for the film at pH 3.0, but the other films at

This journal is © The Royal Society of Chemistry 20xx
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pH 4.8 and 6.5 marked similar values to the film at pH 1.5 with
much reduced standard deviation. The increase in pH led to an
increase in 8, which corresponds to a decrease in the spread of
breakdown strength and enhanced reliability to electrical
failure, as shown in the narrower scattering of failure
probability distribution in Figure 5b. Specifically, 8 increased
from 5 to 11 when the pH changed from 1.5 to 6.5. This increase
in 8, which was also seen in the reduced standard deviation of
Egin Figure 5a, can be attributed to the reduced amount of ions

ARTICLE

(most likely CI7) from pH 1.5 to pH 3.0 and 4.8, and then further
to the absence of chloride ions at pH 6.5. The reduction of
residual ions and/or ionic species in the CNETMS films seems to
contribute to the enhancement of 8. As shown in Figure 4a
where the CNETMS films at pH >2 marked much reduced
leakage currents, these ions are believed to contribute to
impact ionization of accelerated mobile charge -carriers
particularly at high electric fields, which consequently will lead
to premature breakdown of a dielectric material.3®

30 oy T 0.20 T T
@ pH15 @ pH3.0 (b) o pH15 O pH3.0
2 25 @ pH48 @ pH6.5 O pH4.8 O pH6.5
2 0.151 ¢
E 20 BB 4 T
= )
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Figure 3. Frequency dependent (a) relative permittivity and (b) loss tangent of the CNETMS films catalyzed at various pH.
1E-55 T T T T T T T T T T T T T T T T T T T 15
1 @ o pH 1.5 o pH 3.0 (b)
1 o pH 48 o pH 6.5
1E-6 4 o “] o
—_ : 101 o
N o
& 167 R
< 2
- 1 Sk )
1E-8
] 19 N (from CN)
1 o _ 00O o
1E-9 — T T T T T T T loc') T T T T 1 0 o. C,I T T T T T T ?
-100-80 -60 -40 -20 0 20 40 60 80 100 1 2 3 4 5 6 7
Electric field (V/um) pH

Figure 4. (a) Leakage current densities of the CNETMS films prepared at various pH. (b) Atomic weight percent of chlorine and
nitrogen in the CNETMS films obtained from SEM-EDX measurements.

Table 2. Refractive index of CNETMS films catalyzed at various pH.

pH 1.5

3.0 4.8 6.5

Refractive index @ 633 nm 1.4837

1.4828 1.4824 1.4823

The field-dependent maximum extractable energy density,
Ur’;leE, (shown in solid dots) and energy extraction efficiency (in
hollow dots) of the CNETMS films from polarization-electric
field (P-E) measurements are shown in Figure 6a. All CNETMS
films displayed quadratic growth of Uhaf as electric field rose
until dielectric breakdown. Extraction efficiency of all the films
during charge-discharge cycles of P-E measurements remained

This journal is © The Royal Society of Chemistry 20xx

high (above 90%) up to 300 V/um and rapidly decreased as
applied electric field increased above 300 V/um, which can be
attributed to dielectric scattering and conduction loss arising
from accelerated charged species at high electric field.2>27, 38
Compared with the film processed at pH 1.5 (in black dots), the
films catalyzed at pH >2 exhibited higher Uhad and higher
extraction efficiency at the same field strength. In particular, the

J. Name., 2013, 00, 1-3 | 5
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pH 6.5 processed film marked UbaE of 32 1/cm3 at the field
strength of 680 V/um with energy extraction efficiency of 80%,
which are shown in green solid and hollow dots. Uhat- of the
films processed at pH >2 are comparable at all field strengths
below 580 V/um until dielectric breakdown of the individual
films occurred. We believe that enhanced U%ExE, energy
extraction efficiency, and breakdown strength field for the films
processed at pH >2 are attributed to the reduced amount of
chloride ions with increasing pH. In particular, improved energy
extraction efficiency of the films processed at pH > 2 suggests
reduced dielectric and conduction loss arising from accelerated
carriers (e.g., electrons, holes, and other impurities) under high
electric fields.3?

The field-dependent maximum discharged energy density,
USal, of the CNETMS films from charge-discharge (C-D)
measurements is shown in Figure 6b. The CNETMS films
catalyzed at pH 1.5 and 4.8 exhibited a maximum energy density
of 17 and 16 J/cm3 at field strengths of 472 and 481 V/um,
respectively. However, the films from pH 3.0 and 6.5 catalyzed
sols broke down at lower field strengths of 375 and 274 V/um
and exhibited USz" of 11 and 7 J/cm3, respectively. Unlike the
results from P-E, the CNETMS films at pH >2 exhibited lower
USal and breakdown strength fields. We note that the much
longer charge hold time of a few hundred milliseconds (ms) was
applied for C-D measurements than that of 10 ms in P-E, which
may have yielded lower Usg:? of the CNETMS films than that in
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Journal Name

P-E. Additionally, the microstructural difference in the CNETMS
films at varying pH may have contributed to the lower
breakdown strength in C-D with the longer charge hold time, in
which the longer correlation distance of the CNETMS films
catalyzed at pH >2, i.e., a larger bond angle of siloxane, may
have provided low-density domains or channels that facilitated
dielectric breakdown with injected charge carriers from
electrical contacts.3®

Further support for the effect of residual ions in the CNETMS
films on overall energy storage performance can be evidenced
from the shape of the P-E loops shown in Figure 7. The widened
P-E loops of the CNETMS film at pH 1.5 can be correlated with
electrical conduction arising from mobile charge carriers inside
a dielectric film involving injected charges from electrical
contacts and trapped chloride ions that were nearly absent in
the CNETMS film at pH 6.5. These charge carriers will be able to
accelerate at high electric fields, usually above 300 V/um for
CNETMS films, which will trigger impact ionization, followed by
internal discharge as well as charge carrier multiplication, and
eventually the dielectric breakdown of a material.3® Compared
to the film at pH 1.5, significantly narrower P-E loops are clearly
seen in the CNETMS films catalyzed at pH > 2, which suggests
the critical effect of residual chloride ions on energy extraction
efficiency.
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Figure 5. (a) Breakdown strength (in columns) and Weibull modulus (in purple dots) of CNETMS films as a function of pH. (b) %
Cumulative distribution function (% CDF) for the probability of electrical failure of the CNETMS.
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4. Conclusions

In summary, we have shown that the CNETMS film derived
from the sol catalyzed at pH 6.5 exhibits an extractable energy
density of 32 J/cm3 and extraction efficiency of 80% at 685
V/um determined by field-dependent P-E measurements.
Compared to the CNETMS film processed at pH 1.5, the films at
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pH >2 show substantial enhancement in leakage current,
breakdown strength, failure reliability, energy density, and
energy extraction efficiency. We have correlated the improved
dielectric and energy storage characteristics to the reduction
and/or absence of residual chloride ions in the films that was
used to catalyze the CNETMS sol-gel films, which is believed to
restrain any harmful effects of field-activated mobile charges
under the influence of high electric field. The excellent failure
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reliability along with substantial energy density and extraction
efficiency make the CNETMS sol-gel film a suitable material
candidate for pulsed power applications.
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Reduction of residual ions improved overall dielectric properties of an alkoxysilane-based
dielectric film, yielding maximum extractable energy density of 32 J/cm? at 685 V/um



