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Broadband Dielectric
Spectroscopy on Ultra-
Thin Films Having One

Free Interface

Based on its unique ability to
measure molecular fluctuations of
polar moieties over a broad
frequency and temperature range,
Broadband Dielectric Spectroscopy
(BDS) has proven in numerous
recent studies its strengths in
understanding the mechanisms of the
confinement-effects in thin polymer
films [1-5]. This technique has
nevertheless a certain limitation: the
standard procedure for the sample
preparation  [6]  allows  only
measurements on thin films confined
between two solid electrodes. Here
we present a novel experimental
approach which circumvents this
drawback and enables one to carry

ultra-flat highly conductive Si wafers

thin poljmer film SiOx nano-célloids

(10 nm)

Fig. 1. Schematic representation of the preparation procedure.

(1 um)

out dielectric measurements on ultra-
thin organic layers having one fiee
(upper) interface. A multitude of
possible applications arise: ultra-thin
liquid layers, thin layers of grafted
polymers, liquid crystals and bio-
molecules, monolayers or perhaps
even dielectric studies on single
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Fig. 2. (a) dielectric loss vs. temperature at different frequencies, as indicated,
showing the dynamic glass transition of a thin film of polyvinylacetate having a
thickness of 9 nm and the upper interface free;

(b) the same experimental data plotted in spectra of dielectric loss vs. frequency
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(isolated) polymer chains.

The novel preparation procedure is
schematically illustrated in fig. 1.
Ultra-flat and highly conductive
silicon wafers are used as electrodes.
The root-mean square roughness of
their surfaces is typically smaller
than 0.5 nm on micrometric domains
and their resistivity is below 5107
Ohm cm. The wafers (0.3 mm thick)
are initially covered by a protective
layer of photoresist with a thickness
of about ~ 700 nm. They are cleaved
along their crystallographic axes in
small rectangular pieces of ~ 10 mm
X 5 mm and cleaned in an ultra-
sound bath of acetone (to remove the
photoresist layer) and
dichlormethane (to remove any
particles from their surfaces). After
this, a thin polymer layer is spin-
coated onto one silicon wafer. On the
surface of a second wafer a small
amount of silica colloids (1 pm
diameter) is randomly spread from a
water solution. The wafer with the
sample and that with the colloids are
brought in contact and slightly
pressed against each other through a
spring. The latter assures an optimal
mechanical and electrical contact
with the standard dielectric cell. At
the same time it avoids breaking the
rigid silica colloids and allows
measurements in a broad temperature
range. The silica particles act as
spacers and keep the two electrodes
separated at an interval equal to the
their diameter. The film thickness is
typically much smaller than the
height of the spacers, thus, the
samples are measured in a geometry
having a free upper interface. This
novel experimental approach is
described in detail in ref. [7]. The
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relative area occupied by the spacers
is optimized by diluting the colloidal
suspension. At a concentration of
~0.5 mg/ml, typically 1.8% of the
surface is occupied by the colloids.

Prior to dielectric measurements,
the samples are annealed several
hours in a pure nitrogen atmosphere
(in the cryostat of the dielectric
spectrometer) at temperatures well-
above the glass transition.
Immediately after annealing, the
samples are measured without
exposing them to ambient air again.
The dielectric investigations are
performed using a High Resolution
Alpha Analyzer assisted by an
Quatro temperature controller
(Novocontrol GmbH).

Dielectric measurements using
this novel preparation procedure are
presented in fig. 2, for a thin film of
polyvinylacetate having a thickness
of 9 nm and a free upper interface.
The peaks observed in the spectra of
dielectric loss vs. temperature at
different frequencies (fig. 2a) and
dielectric loss vs. frequency at
different temperatures (fig. 2b)
represent the alpha relaxation
process of polyvinylacetate — the
dynamic glass transition of the
investigated polymer. The sensitivity
of this novel experimental approach
can be significantly improved by
reducing the height of the spacers,
either by decreasing the diameter of
the colloids or by employing nano-
structures as nano-spacers. Both
these alternatives were recently
proven feasible [8]. This opens a
manifold of completely new
possibilities for the application of
Broadband Dielectric Spectroscopy
to investigate the  molecular
dynamics taking place on a
nanometric length scale: ultra-thin
liquid layers, organic monolayers,
thin films of liquid crystals, grafted
polymers and bio-molecules and may
allow also for the extension of BDS
to studies on single
(macro)molecules.
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Appendix

We analyse in the following in detail the complex dielectric function of a sample
consisting in two layers, as illustrated in fig. 3: a thin organic film having a

* *
complex impedance Z F » a thickness d r and a complex permittivity €, and a

layer of air characterized by Z Z ,d 4 and 8: =1. The total impedance of the
sample measured in the experiment is Z; =7’ +Z, . Taking into account that

e = _i* L, where Co represents the capacity of the empty sample capacitor,
wZ C,

%

D _ d, +di, where €,, is the measured

M F

the previous relation leads to:

complex permittivity.
Separating the real and the imaginary part in the latter equation gives:
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Dividing the last two equations leads to:
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Introducing eq. (3) in eq. (1) gives:
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D

”
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. . 4 n .
These equations determine the absolute values of €, and € as a function of the

measured dielectric permittivity, film thickness d ¢ and diameter of the silica

spacers D . In order to assess the dielectric data obtained in real experiments, one
has to consider additionally the non-negligible contribution of the silicon
electrodes to the measured impedance. For the sake of simplicity, this contribution
has been neglected in the present calculations.
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S. Lerner, P. Ben Ishai, Y. Feldman

High Frequency Time
Domain Measurements
of High Permittivity
KTN Crystals

introduction

The sensitivity to cooperative
processes at the molecular level is
one the many attractive features of
Dielectric Spectroscopy. We have
applied the techniques of Time
Domain Dielectric ~ Spectroscopy
(TDS) in order to probe the
relaxational ~ dynamics of the
Ferroelectric Phase Transition in
KTa; \Nb,O; (KTN) crystals [1].
The results were able to expose the
percolative nature of the phase
transition in these crystals and
monitor the behaviour of the dipolar
entities interacting within.

KTN is a member of the ABO;
perovskite family and has attracted
great interest both as a model system
and for its optical properties [2]. The
Nb ion sitting in the central lattice
site (B) has been shown to reside
slightly off-center forming dipolar
entities. The presence of these off-
centred ions is significant because
they can begin to form nanoregions

with relaxational behaviors
correlated over mesoscopic length
scales [3].

The KTN crystal used in the
current investigation was grown
using the top seeded solution growth
method and the Ta/Nb ratio was
estimated by electron microprobe
analysis to be approximately 62/38
per mole. A sample of 1x1x2 mm’
was cut from the grown bole along
the crystallographic [001] axes. The
x-y faces of the sample
(perpendicular to  the growth
direction z) were polished and coated
with gold electrodes.

The dielectric measurements were
performed using the TDS-2 (Dipole)
set-up [2] consisting of a signal
recorder, a sampler and a built-in
pulse generator. The generator
produced 200 mV pulses of 10 us
duration and short rise time ~30 ps.
The sampler channel was
characterized by an 18 GHz
bandwidth and 1.5 mV noise (RMS).
The form of the measured voltage
pulse and the response of the sample
were digitized and averaged by the
digitizing block of the Time Domain
Measurement System. The sample
cell was an ordinary plate capacitor
terminated to the central electrode on
the end of the coaxial line and its
temperature was controlled by a
Julabo F10 circulatory heat bath.

Fig. 1a. 3-D plot of Response function with both time and temperature
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Fig. 1b. Temperature dependence of the fitting parameters v(¢) and W(A)
obtained from the fit. The percolation onset (T4=323K) and the Ferroelectric
transition (T.=302K) are clearly noted in their behaviour.

Temperature range of the TDS
measurements was from 270-360 K.
main results and discussion

One advantage of the
measurements in the time domain is
the ability to extract the dielectric
response function ®(t) directly. The
convolution integral giving this
response takes the form:

o) = C({SMV(Z) + j@b(t - t')V(t')dt'J
M

with Q(t) the accumulated charge,
V(t) the applied voltage, and C, the
empty cell capacitance. Being that
the response ®(t) is associated with
the macroscopic dipole correlation
function, it therefore contains
information directly related to the

structural and kinetic properties of
the sample and can be used to
characterize the dynamic properties
of the system.

The phenomenological function
used to fit the data was a product of a
stretched exponent and power-law
dependencies in the form of:

®(t)=Ae|1-17" exp —(i)
T

2
In this expression T represents the
relaxation time and Ae the dielectric
strength of the complex process
related to the dipolar entity. The
power and stretch parameters x and v
shown in Figure 1 are intricately
related  with  the  percolation
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phenomena and can be interpreted in
connection with the recursive fractal
model [4].

Within this context the relationship
between the  phenomenological
exponent Vv, and the underlying
fractal dimension Dj related to the
paths of excitation may be derived
from proportionality and scaling
relations. Assuming that the fractal
geometry is isotropic and has
spherical symmetry:

Df =d-v
3)

with d representing the initial fractal
dimension. The behavior of the
parameter VvV in conjunction with
relation (3) thus allows the
monitoring of this fractal dimension.
In our case the excitation is the
polarization vector and its evolution
determined by the spanning network
of the Nb polar clusters. The results
indicate that this cluster formation
begins at Ty about 20 degrees above
the phase transition. The parameter
p on the other hand reflects the
independent parallel growth of the
correlation length of each dipolar
entity, even while there are no
mutual interactions. This process is
much slower and consequently
related to longer time scales. Below
T. this length diverges and the
parameter 4 is close to zero.

the role of TDS

The measurement of these
dielectric properties could not have
been performed accurately using any
technique other than TDS. The value
of the permittivity €’ in ferroelectric
crystals (KTN included - Figure 2) is
often tens of thousands. The standard
high-frequency methods (RF
impedance analyzers, etc.) aren’t
suitable when dealing with such high
values of dielectric permittivity. The
phase shift at the sample is too high
and immediately exceeds 2m at every
frequency step making accurate
measurement extremely difficult. For
materials where ¢’ is only a few
thousand some measurements can be
made up to 1 GHz using specially
designed sample cells [5].

The TDS method is ideally suited
to circumvent these experimental
errors. The accuracy of the time
domain measurements is determined
primarily by the signal-to-noise ratio.
Typical systems my have error
values of up to 5%. In this case the
phase shift in frequency domain
actually works to our advantage. It
corresponds in the time domain to a
time shift thus increasing the signal
accuracy by reducing the errors
coming from the time shift between
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Fig. 1. 3-D plots of (a) dielectric permittivity € and (b) dielectric losses €”
obtained via Laplace transform from time domain measurements.

the signal reflected from the sample
and the calibrated reference standard.
The results presented above clearly
show that it is possible to utilize the
method of TDS to obtain meaningful
results on systems with very high
dielectric permittivity. The method is
capable of supplementing the
frequency-based methods in the
study of materials that have proven
most difficult to study otherwise.
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G. Schaumburg

Novocontrol
Introduces High
Quality Low Cost
Interdigitated Comb

Electrodes

Novocontrol introduces a new
series of high quality interdigitated
electrodes (IE). For convenient
sample attachment, the comb
structures have a round shape with
15 or 20 mm diameter D as shown in
fig. 1.

The spacing between the comb
fingers s and their width w as shown
in fig. 2 are both 150 um. This
results in an empty cell capacity C,
of the upper half electrode as defined
below by (2) of 7 pF for D =20 mm
and 4 pF for D = 15 mm. Custom-
ized versions with w and s down to
50 um are available on request.

The electrode combs are made of
gold plated copper layers with 35 um
height /. The copper fingers have a
low ohmic resistance in the 10 mQ
range which allows measurements at
frequencies up to 10 MHz and for
materials with conductivity from
107 .. 0.1 S/cm on a single IE.

This is in contrast to comb
electrodes created by evaporation or
sputter techniques which create
metal layers with a thickness in the
100 nm range resulting in comb
electrode resistance in the kQ range.

The comb structures are located on
a silica reinforced high insulating
substrate material with loss factor
tan(8) < 107 in the frequency range
from 1 Hz .. 1 MHz at 20 °C and
below.

The IE can be used at temperatures
from -160 .. 250 °C. For one time
applications like e.g. monitoring of
cure, special low cost versions are
available.

Fig. 1. Photographs of IE with 15 and 20 mm electrode diameter. The third
middle contact is for electrical shielding in order to reduce interference with
electrical fields in the surrounding like e.g. 50 / 60 Hz line power.

interdigitated electrodes

are made up by two overlapping
metal comb structures deposited on a
substrate as shown in fig. 2a. Each
metal comb acts as one electrode.
The sample material is deposited on
the free opposite site of the substrate
and has direct contact to the comb
electrodes.

This configuration creates an elec-
tric field distribution which is mainly
concentrated within a thin layer with
thickness d at the interface between
substrate and sample material. d
approximately corresponds to the
length of one electrode base cell w +
s as shown in fig. 2b. Therefore IE
are mainly sensitive to a surface
layer with thickness d of the sample
and substrate material. They are
therefore convenient in order to
measure the electrical properties of
liquids or materials which can be
created on IE by e.g. evaporation or
spin coating.

The main advantages with respect
to parallel plate electrodes are:

oThe sample is attached only at
one side to the electrode. The other
sample side remains free and can be
used for additional applications like
e.g. optical observations and
application of light and gases. This
has a wide range of sensor
applications were the electrode is
covered by a material which changes
its electrical properties as a function
of a parameter of interest like e.g. the

Comb Electrodes b)

Sample
Material

N
Contacts for

Substrate

Sample Material

Substrate

Impedance
Measurement

attached sample.

Fig. 2a. Principle components of an IE with two comb electrodes and an

Fig. 2b. Side view on three impedance base cells in the direction of the electrode
comb fingers. Each neighboured comb finger is at opposite potential. The thin
blue lines are tangential to the directions of the electrical field vectors. The
magnitude of the electrical field is maximal at the electrode finger edges.

R

concentration of a specific gas or
pressure.

o As the electrode geometry is fixed
for samples with thickness suffi-
ciently exceeding d, no sample
related geometry parameters like
sample thickness are required. E.g .in
order to measure a liquid, the
electrode can be simply immersed or
a small amount of liquid can be
dropped on the electrode.

On the other hand the following
restrictions exist for IE.

oThe measured impedance
contains contributions from both the
sample material and substrate. This
can result at significant errors
especially for low loss or high
insulating samples.

oAt higher frequencies or for
samples with high conductance or
permittivity, the resistance and
inductance of the comb -electrodes
can significantly contribute to the
total measured impedance of the IE.
These effects are difficult to
compensate and limit the usable
impedance and frequency range.
evaluation of permittivity

In order to evaluate the general
complex sample permittivity & and
conductivity

0, =joe(e-1) (1)
from the impedance Z,, measured at
the IE contacts, one assumes that the
electrical field distribution as shown
in fig. 2b on both sides of the comb
structure does not depend on the
sample and substrate permittivity.
This assumption seems to be fulfilled
for symmetry reasons if the electrode
configuration is exactly symmetrical
with respect to the sample to
substrate interface plane. In this case,
the upper and lower side can be
considered as two electrically
independent volumes creating two
independent capacitors with an total
capacity of

C.=Cy (e +£.) 2.

From this the measured impedance
follows from

7 =—4 ®
oC

were Cp is the empty cell capacity of
both the lower and upper capacitor,
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€,  substrate  permittivity,
imaginary unit, ® = 2w frequency
and &) vacuum permittivity.

In addition to the two capacitors
described by (2), the comb electrodes
have a serial impedance Z," due to
the ohmic resistance and the
inductance of the comb metal. The
above equations assume that Z, is
low to Z,,". Otherwise, the evaluation
becomes complicated as the potential
on each electrode and with this the
electrical field distribution locally
depends on the position on the
electrode. As a first order correction,
Z., can be added to (3) which results

mn

z =7, -——L_ &
m co a) C’n

Nevertheless, in practice one
usually confines Z,,” to an impedance
range were Z,," can be neglected.
thin films

For thin films with thickness d; in
the same dimension or small against
the electrode base cell length d =w +
s, it has to be considered that the
volume where the electrical field £
on the IE sample side is concentrated
is only partly filled by the sample.

For this purpose, one can assume
in first order approximation that the
absolute value of £ is constant within
a surface layer with thickness d at
the free substrate side and O outside.
In this case, the IE sample side can
be separated into one capacitor
created by the thin film and an
additional air capacitor with a
permittivity of 1 and thickness d - d.
In correspondence to (2), this results
in a total IE capacity of

C;:Co(s:%+lﬂ+e*) (5)

su

ford; <d.

sensitivity

is defined as e.g. for the real part of
C, as

§ = relativechangein C,, (6)

relative changein €|

For the imaginary part a
corresponding definition applies.

S’ and S” are for a parallel plate
capacitor = 1. For the IE in the thick
sample limit, the sensitivity de-
creases with the ratios of &"¢g,," and
&"ley".

E.g. for &' = g,' = 3, from (2)
follows S' = 0.5. The situation gets
more critical for &' which for low
loss materials gets low. E.g. for &" =
10* and &,” =107, 8= 0.01 which
means that in this case 100% change
in &" results only in 1% change of
C," and with this the IE is nearly
insensitive to low & values.
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Fig. 3. Measured capacity and loss factor tan(d) of the empty IE for
temperatures from -100 .. 200 °C in 50 °C steps.
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Fig. 4. General permittivity of Glycerol measured both by an IE and a parallel
plate capacitor for comparison at temperatures from -80 .. 0 °C in 10 °C steps.
The IE lines are slightly shifted to lower frequencies due to temperature
gradients within the IE to the sample cell temperature sensor. For high
permittivity at the high frequency end, the IE lines both for &' and €” deviate to
higher values due to the Z,," contribution.

For the thin film limit d; << d,
according to (5) the IE becomes
insensitive to &' if the ratio
(&'dJ/d)/(g,,+1) << 1 and insensitive
to &" if the ratio (&" dy/d) /g, << 1.
In order to e.g. measure a 10 nm
thick film with &' = 4 with 10% &'
sensitivity, an IE with a base cell
length of d = 100 nm would be
required. On the other hand, if the
film has an g&" of 1500 due to a
conductivity contribution from (1), a
d of 150 um would be sufficient for
10% &," sensitivity.
calibration

In order to evaluate the sample
permittivity from (2), (3) and (5), the
parameters C, and &, have to be
known. They can be easily derived
by dividing and subtracting the
measured C,” from a calibration

material with known dielectric func-
tion and a second empty electrode
measurement.

With this, the IE can in principle
be completely calibrated. In practice,
the situation is more complicated as
&, is both frequency and tempera-
ture dependent, which requires corre-
sponding calibration measurements.
Even if available, the measured data
will only be partly useful as in
regions of low sensitivity, the results
may be affected by drift which is
mainly caused by humidity pickup of
the substrate material.
example measurements

All data were measured by a
Novocontrol Alpha-A analyzer in
combination with a ZGS active
sample cell and Quatro Cryosystem.

The capacity and loss factor tan()
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of an empty IE with D = 20 mm is
shown in fig. 3 for several
temperatures. tan(8) is below 107
nearly over the entire frequency
range. At temperatures above 50 °C
tan(0) increases at lower frequencies
due to ion conductivity of the
substrate material. This results in a
capacity increase at low frequencies
due to electrode polarization effects,
too.

Fig. 4 shows a comparison of
results measured by a reference
parallel plate capacitor and an IE
with D = 20 mm. Glycerol was
chosen for the test material as its
dielectric properties have been
extensively evaluated e.g. [1], it
shows a strong relaxation, and both
&' and €" show strong variations over
a wide dynamic range if measured
within the relevant frequency and
temperature ranges.

The data were evaluated from (2)
and (3). For reasons of simplicity,
€, was approximated by a constant
real number (sm* = 2.4). As can be
seen from fig. 4, within the limits of
experimental error no deviations of
the measured data were found.
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Book Review
Electrical Properties

of Polymers
by E. Riande and R. Diaz-Calleja,
Marcel Dekker, Inc, New York.
Basel 2004, v-ix and 630 pp.
Broadband Dielectric
Spectroscopy (BDS) is a fairly
mature technique compared with
others used to study the dynamics of
polymer materials, e.g NMR and
quasi-elastic light scattering. It has
become increasingly  important
because of its vast frequency/time
range and the advances in dielectric
theory, which allow direct analyses
of BDS data in terms of molecular
relaxation and transport processes.
The early text by McCrum, Read &
Williams (1967) on the
BDS/mechanical  relaxations  of
polymers needed updating to reflect
the enormous growth in the BDS
literature. This has been partially
achieved through the books by Runt

& Fitzgerald (1997), Havriliak &
Havriliak (1997) and Kremer &
Schonhals (2003) and is continued
with this major new book by leading
dielectrics researchers Riande and
Diaz-Calleja.

Its main emphasis lies in a
thorough up-to-date description of
phenomenological and molecular
theories of the electrical properties of
polymers arising from dipole
relaxation and ionic conduction,
taken together with representative
BDS data. Divided into three parts,
Part 1 starts with two Chapters
giving the theories of the
electrostatics  of  dipoles, local
electrical fields and of static
permittivity of dipolar materials by
Debye, Onsager, Frohlich and
Kirkwood;  rotational  brownian
motions, linear response theory,
relations for complex permittivity in
terms of local field factors,
molecular dipole moments and time-
correlation functions (7CFs) of
angular motions of molecules. An
advanced  treatment of  the
thermodynamics and irreversible
thermodynamics of materials in
electric fields is given (Ch.3) and
Part 1 concludes with Ch.4 that
summarizes briefly dielectric
measuring techniques (A.C,
transient response and thermally-
stimulated currents) and commonly-
used empirical relaxation functions.

Part II (Ch.5) describes the
equilibrium  statistics of chain
molecules, their apparent dipole
moments and static permittivity, the
E-field-induced birefringence (Kerr-
effect) of polymer solutions in static
fields (Ch.6) and ‘molecular
dynamics’ simulations for the
determination of 7CFs for the
dielectric relaxation of flexible chain
polymers in bulk and solution
(Ch.7).  These are followed by
accounts of (i) dielectric relaxation
in amorphous materials arising from
segmental and long range (normal-
mode) motions of chains (Ch.8) and
(ii)) secondary relaxations in the
glassy state, in which the rotation-
isomeric model is applied to specific
modes of local chain motions (Ch.9).
Part II concludes with a brief account
of the theory of the dynamic Kerr-
effect arising from rotational
diffusion (Ch.10).

Part III starts with a description
of the molecular structures and
organisations in liquid crystals (LC)
and theories of the static and
complex permittivities of LC and LC
polymers, illustrated with
experimental results for nematic,
smectic and ferroelectric materials in

unaligned and aligned states (Ch.11).
Piezoelectric and  pyroelectric
polymers are described in Ch.12,
with full theory given for the
dielectric tensors involved taken
together with representative data for
different materials. Ch.13 describes
the theory and practice of the non-
linear dielectric permittivity of
polymers, especially in relation to
optical  harmonic-generation and
rectification, molecular aspects of E-
field poling and decay of
electroactive function. Finally Ch.14
surveys briefly the theory and
practice of semi-conduction in
conjugated polymers such as doped
polyacetylene,  polypyrrole  and
polyaniline.

The book gives a valuable up-to-
date account of the dielectric
properties of polymers arising from
molecular relaxation processes. The
technical  production of  text,
equations and figures is excellent
and it reads well. Little attention is
given to ionic-conduction behaviour,
as in polyelectrolytes, but that would
have greatly extended the book.
Most Chapters conclude with a
Problems Section so, in addition to
being a research text, it has a
valuable teaching function for
advanced students. The authors
emphasise throughout how different
macroscopic dielectric phenomena
are directly-related to chain structure
and chain dynamics and, in the case
of LC polymers, the macroscopic
ordering of the phase. This
‘molecular approach’ is to be
welcomed in dielectrics science since
it advances our understanding
beyond that achievable using
phenomenological ~ theories  of
dielectric phenomena. It was not
possible to give comprehensive
accounts of the large experimental
BDS literature for each of the topics
covered in the book, but many
examples are given that illustrate
representative behaviour and lead a
reader to that larger literature. The
authors are to be congratulated on
the production of this fine, important
book.

Prof. G. Williams, Department of
Chemistry, University of Wales
Swansea, SWANSEA SA2 8PP, UK
g.d.williams@keele.ac.uk
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