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ABSTRACT: Hybrid organic−inorganic sol−gel dielectric
thin films from a neat 2-cyanoethyltrimethoxysilane
(CNETMS) precursor have been fabricated and their
permittivity, dielectric strength, and energy density charac-
terized. CNETMS sol−gel films possess compact, polar
cyanoethyl groups and exhibit a relative permittivity of 20 at
1 kHz and breakdown strengths ranging from 650 V/μm to
250 V/μm for film thicknesses of 1.3 to 3.5 μm. Capacitors based on CNETMS films exhibit extractable energy densities of 7 J/
cm3 at 300 V/μm, as determined by charge−discharge and polarization-electric field measurements, as well as an energy
extraction efficiency of ∼91%. The large extractable energy resulting from the linear dielectric polarization behavior suggests that
CNETMS films are promising sol−gel materials for pulsed power applications.
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■ INTRODUCTION

With the ever-increasing demand for electrical energy, there is
great interest in high-performance energy storage materials and
devices, such as capacitors, supercapacitors, batteries, and fuel
cells.1−5 Among these devices, capacitors have an intrinsic
advantage for high power density because of their fast electrical
charge and discharge responses. The performance of capacitors
is limited by the characteristics of the dielectric storage material
including: its permittivity, electrical loss, breakdown strength
and statistics, and processability.6,7 Traditionally, polymeric thin
film capacitors have been used to meet requirements because of
their large breakdown strength, which typically exceeds 300 V/
μm, and their fast charge/discharge speeds on the order of
microseconds.8 However, conventional polymeric dielectric
materials suffer from low relative permittivity that substantially
limits the energy storage density of capacitors.9 To improve the
relative permittivity of polymeric materials, researchers have
focused substantial efforts on the development of materials
such as ferroelectric polymer-based films,10−12 nanocomposites
based on both ferroelectric polymers and high permittivity
inorganic nanoparticles,5−7,13,14 and sol−gel hybrid materi-
als.15,16 Although these approaches have yielded significant
improvement in the relative permittivity and energy density of
materials for capacitors, the need for the development of
materials that possess high permittivity, large breakdown
strength, low loss at high electric field, high reliability, and
facile processability remains.

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
composite materials with molecular level control of composi-
tion and solution-based processing of films.17,18 One avenue to
develop sol−gel hybrid materials with high permittivity is to
incorporate highly polarizable moieties as a pathway to high
energy density materials. Recently, Kwon et al. reported on
organic−inorganic sol−gel hybrids in which surface-modified
BaTiO3 nanoparticles were incorporated into organic−
inorganic sol−gel hybrid matrices.15 Their sol−gel hybrids
were formed by the hydrolysis and the condensation of
trimethoxysilane with pendant acrylate groups, which were
polymerized following condensation. 4,4′-(hexafluoroiso-
propylidene)diphenol was also included to impart a moderate
dipole moment and electronic polarizability. The hybrid sol−
gel composites with 65 and 400 nm BaTiO3 particles showed
relative permittivities of ∼25 and ∼62, respectively, at 1 kHz.
The dielectric strength of the composite with 65 nm BaTiO3

particles was reported to be 263 V/μm, quite similar to
poly(vinylidene fluoride-co-hexafluoropropylene)-BaTiO3

nanocomposites.14

Another pathway to high permittivity hybrid sol−gel films
would be to incorporate compact dipolar groups tethered to a
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trimethoxysilane precursor via a flexible linkage, which could
provide for a dipolar orientation polarization mechanism. An
example of such organic sol−gel hybrid materials was reported
by Maruyama, et al. based on xerogel films prepared from
blends of trialkoxysilanes, tetraalkoxysilanes and a trialkox-
ysilane with a pendant cyanoalkyl-moiety, which showed large
relative permittivity in the range of 22 to 27 and small loss
tangent, along with good thermal and mechanical stability.16

In this paper, we report on the formation of neat sol−gel
films of 2-cyanoethyltrimethoxysilane (CNETMS, Figure S1a in
the Supporting Information) and a detailed study of their
morphology, electronic and dielectric properties that are crucial
to evaluate the potential for energy storage applications. We
have fabricated xerogel films (1.3 to 3.5 μm in thickness) of
CNETMS and characterized the permittivity, electric break-
down strength, Weibull statistics, extractable energy density and
loss. The polarization mechanism of CNETMS sol−gel films
has been examined via polarization-electric field (P-E)
measurements, which show narrow P-E loops, suggesting the
potential of CNETMS sol−gel films as linear dielectrics for
pulsed-power and energy storage applications.

■ RESULTS AND DISCUSSION
CNETMS Film Morphology and Dielectric Properties.

Films of CNETMS were prepared with thicknesses ranging
from 1.3 to 3.5 μm as determined by profilometry. Infrared
spectroscopy confirms the presence of cyano, −OH, −CH2−
and Si−O−Si vibrational absorption bands (see Figure S2a in
the Supporting Information). The morphology of CNETMS
films was characterized using AFM, top surface and cross-
sectional SEM and cross-sectional transmission electron
microscopy (TEM) imaging. AFM images (see Figure S3 in
the Supporting Information) of CNETMS films exhibit a very
smooth surface with an RMS roughness of 0.27 nm. SEM
images (see Figure S4a,b in the Supporting Information) and
XRD (see Figure S2b in the Supporting Information)
measurements indicate different apparent pore sizes in the
CNETMS films with mean values on the order of ∼10 nm, as
observed by top-surface and freeze-fractured cross sectional
SEM imaging, to ∼1 nm via XRD, as is typical for sol−gel films
annealed at relatively low temperature (≤150 °C). High-
resolution TEM images (see Figures S5 and S6 in the
Supporting Information) of prepared cross sections of the
CNETMS films show a dense morphology with features that
are <1 nm in size, consistent with the XRD data. Although we
are not certain about the origin of the larger features in the
SEM images, it is possible that these features result from
stresses during film processing or the fracturing process used to
obtain the cross sectional SEM images.
The measured εr and loss tangent as a function of frequency

for CNETMS films in parallel plate capacitor devices (see
Figure S1b in the Supporting Information) are shown in Figure
S7 in the Supporting Information. The εr of the CNETMS
films was 20 at 1 kHz, consistent with the values for mixtures of
cyanoalkyl-trialkoxysilanes reported previously.16 The large εr
of the CNETMS films is attributed to the orientational
contribution of the dipolar cyano groups present in the sol−gel
network, as will be discussed below. The pore structure of the
CNETMS films may provide sufficient free volume for field
induced reorientation and polarization of the cyano groups and
interfacial contributions to the permittivity.5 The measured εr
of the CNETMS films showed only a small reduction as the
frequency varied from 100 Hz to 1 MHz. However, at

frequencies greater than 100 kHz, the εr decreases slightly while
the loss tangent exhibits an increase in magnitude, indicating
the onset of a dielectric resonance.14

The dielectric breakdown strengths of the CNETMS films
were determined and analyzed using the Weibull method, as
has been discussed elsewhere.14 Briefly, the Weibull cumulative
failure probability distribution (PF) is expressed by the
following equation

γ α= − − − βP E E( ) 1 exp[ {( )/ } ]F (1)

where E is the applied electric field, α is the “scale” parameter, β
is the “shape” parameter or Weibull modulus (which represents
dispersion of the breakdown field) and γ is the electric field
breakdown threshold parameter, which represents the field
below which no observable failure occurs. Conventionally, the
characteristic breakdown strength, EBD, is defined as the field
where PF is 63.2%. The failure probability of the CNETMS
films with different thickness as a function of the applied
electric field is shown in Figure S8 in the Supporting
Information. In general, the narrower the cumulative
distribution function (CDF) with respect to electric field, the
more reliable the material is for high dielectric strength
applications.
The effect of thickness on the dielectric breakdown strength

for CNETMS films is shown in Figure 1. In this graph, we

plotted the average breakdown strength (⟨EB⟩) over the
measured distribution of breakdown fields for a given sample.
It can be seen that ⟨EB⟩ increases as the thickness of the
CNETMS films decreased, following an approximate inverse
dependence on thickness, i.e., ⟨EB⟩ ≈ d−1, (see Figure S9 in the
Supporting Information) as is typically observed for oxide and
polymer thin films.19−21 The maximum ⟨EB⟩ is ∼650 V/μm for
1.3 μm thick CNETMS film. On the other hand, the Weibull
modulus, β, decreases somewhat as the thickness of CNETMS
is reduced, indicating a broader distribution of breakdown
strength. A possible reason for this is that ionizable groups or
trapped charges at the interfaces of these porous thin films may
be distributed somewhat inhomogeneously.

Extractable Energy Densities of CNETMS Films. To
determine the maximum extractable energy density (Umax

CD)
under pulsed conditions of CNETMS films, we have performed
charge−discharge (C−D) measurements. As shown in Figure 2,
the 3.5 μm thick CNETMS film gave a Umax

CD value of ∼4 J/cm3,
whereas the value for 1.3 μm thick CNETMS was ∼7.5 J/cm3,

Figure 1. Thickness dependence of average breakdown strength
(⟨EB⟩) and Weibull modulus for CNETMS films. The error bars
represent the standard deviation (1σ) of the average breakdown
strength obtained from 12 to 20 devices.
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which is about twice as high as that of the thicker CNETMS
film, as a result of the higher ⟨EB⟩ for the thinner film. The
reduction of breakdown strength in C-D measurements
compared to breakdown testing (shown in Figure 1) is
attributed to electrical stress during the pulsed measurement
conditions and the use of a larger electrode area (0.25 mm2 for
breakdown testing and 1.0 mm2 for C−D measurements). The
solid lines in Figure 2 correspond to a quadratic fit to the
measured data (average values and error bars are shown when
two or three devices were measured at the same electric field).
Although there are some deviations at higher fields that are
likely associated with leakage currents (see Figures S10 and S11
in the Supporting Information), the increase of the extractable
energy density fits reasonably well to the quadratic function,
which would be expected for a linear dielectric. The lower β
values of thin CNETMS films are consistent with the more
scattered Umax

CD than that of thicker films, which suggests that
thinner CNETMS films are more prone to catastrophic
breakdown events particularly at high electric fields.
Figure 3 shows the unipolar P−E loops of 1.3 μm thick

CNETMS films as a function of electric field. P-E loops

measured up to 300 V/μm display narrow loops and linear
dielectric behavior, which are desirable properties in high
energy storage density and low loss dielectric applications.12

Linear dielectric polarization behavior is also observed for 3.5
μm thick CNETMS films (shown in Figure S12 in the
Supporting Information) but only for fields up to ∼130 V/μm.
Further increases in field strength exceeding 300 V/μm (shown

in the inset in Figure 3) leads to a discernible rounding of the
shape of P-E loops, indicating a contribution from charge
injection and conduction, which is reflected in the increased
energy loss following reversal of the field.22,23 The difference in
behavior of the thin and thick films suggests that the onset of
charge injection or conduction is reduced, consistent with the
trend of the breakdown data, and may be associated with an
increase of voids, impurities, and trapped charges in CNETMS
films when the thickness is increased.
We have assessed the extractable energy density, Umax

PE , and
the energy extraction efficiency from the P-E measurements on
the CNETMS films by integrating the area under the charge
and discharge curves24 as shown in Figure S13 in the
Supporting Information. The Umax

PE and the energy extraction
efficiency of CNETMS films are shown in Figure 4. CNETMS

films with a thickness of 3.5 μm exhibit a Umax
PE value of ∼4 J/

cm3 at ∼300 V/μm, whereas the Umax
PE of 1.3 μm thick

CNETMS is determined to be ∼19 J/cm3 at ∼500 V/μm,
resulting from both the higher ⟨EB⟩ and the energy extraction
efficiency, as is indicated by narrow P-E loops, arising from the
lower film thickness. It should be noted that the energy loss in
dielectric capacitors will be dissipated in the form of heat,
thereby limiting the efficiency and, more importantly, the
lifetime of capacitors in use. Accordingly, the maximum
extractable energy density of a capacitor has to be determined
with due consideration of the energy extraction efficiency.
Table 1 summarizes Umax

CD , Umax
PE and the energy extraction

efficiency of 1.3 and 3.5 μm thick CNETMS films. To take

extraction efficiency into account, the value of Umax
PE is chosen at

a moderate electric field, 300 V/μm for 1.3 μm and 200 V/μm
for 3.5 μm thick CNETMS film, respectively. Umax

PE of 3.5 μm
thick CNETMS is ∼2 J/cm3 with extraction efficiency of 68%,
whereas 1.3 μm CNETMS achieves 7 J/cm3 of Umax

PE with
extraction efficiency of 91%. As shown by the wide P-E loop at
∼200 V/μm in Figure S12 in the Supporting Information, the

Figure 2. Extractable energy density of 3.5 and 1.3 μm thick CNETMS
films from charge−discharge measurements. The error bars were
obtained from measurements of 2−5 devices at the given electric field
strength whereas the data points without an error bar were obtained
from a single measurement at the applied electric field.

Figure 3. Polarization−electric field (P−E) loops of 1.3 μm thick
CNETMS films (loops above 300 V/μm shown in the inset).

Figure 4. Extractable energy density and extraction efficiency from
polarization-electric field measurements for 3.5 and 1.3 μm thick
CNETMS films. Energy density and extraction efficiency are shown in
solid and hollow circles, respectively.

Table 1. Umax
CD , Umax

PE and the Energy Extraction Efficiency of
1.3 and 3.5 μm Thick CNETMS Films

CNETMS
thickness (μm) Umax

CD (J/cm3)
Umax

PE

(J/cm3)
energy extraction efficiency
from P−E method (%)

1.3 7 ± 1 @ 300
V/μm

7.0 @ 300
V/μm

91

3.5 4 ± 1 @ 200
V/μm

2.1 @ 200
V/μm

68
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loss in 3.5 μm thick CNETMS significantly compromises the
energy extraction efficiency even for moderate electric fields.
On the contrary, 1.3 μm thick CNETMS maintains a high
efficiency and large extractable energy at moderately high fields,
as shown in both C-D and P-E measurements. Current research
is aimed at the suppression of charge injection and conduction
in sol−gel dielectric films to further enhance the energy storage
and extraction capabilities and the device reliability.

■ CONCLUSIONS

We have shown that sol−gel dielectric films derived from a neat
2-cyanoethyltrimethoxysilane precursor and fabricated by a
simple solution processing show a large relative permittivity of
20 at 1 kHz and a relatively high dielectric strength of 650 V/
μm for a 1.3 μm thick film. The large relative permittivity of
CNETMS films is attributed to the orientational polarization of
polar cyano groups, as supported by narrow loops and linear
dielectric behavior in P-E measurements up to ∼300 V/μm for
CNETMS films. The combination of a dipole-reorientation
polarization mechanism, sizable permittivity, and moderately
high dielectric strength has led to an extractable energy density
of 7 J/cm3 and an energy extraction efficiency of ∼90% at 300
V/μm for CNETMS films. The large extractable energy density
and high dielectric strength of CNETMS films suggests the
potential for hybrid organic-silica sol−gel dielectric films for use
in energy storage and pulsed power applications, as well as in
organic electronics as a gate dielectric and a high dielectric layer
for electrostatic trapping or release of charged or dielectric
particles.
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