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Abstract

A family of polymers modiﬁed from poly(vinylidene ﬂuoride) exhibit very large
electro-optic and dielectric responses. For instance, dielectric constant of higher
than 50 and electro-optic (E-O) eﬀect with more than 2% of refractive index change
are exhibited by poly(vinylidene ﬂuoride-triﬂuoroethylene-chloroﬂuoroethylene)
terpolymer, P(VDF-TrFE-CFE). Another example is poly( vinylidene ﬂuoridechlorotriﬂuoroethylene) copolymer, P(VDF-CTFE), which can store and release
electrical energy density of higher than 25J/cm2 . This thesis presents a study
on the application of these polymers in tunable optical devices and high energy
density capacitors.
As an example of tunable optical devices, an electrically tunable long-period
ﬁber grating (LPG) with P(VDF-TrFE-CFE) terpolymer as a second cladding
has been demonstrated. A theoretical model has been developed to study the
device performance. Computer simulation results indicated that the indium tin
oxide (ITO) layer which acts the inner electrode for the terpolymer signiﬁcantly
increases the tuning range of the LPG. Furthermore, the tuning range of the LPG
depends on the native refractive index of the terpolymer and maximum tuning
iii

range can be achieved if the native index is increased by about 0.02.
A fabrication process for the tunable LPG has been developed which included
dip coating of polymer on ﬁber. In order to increase the native refractive index of
the terpolymer to achieve maximum tuning range, a nanocomposite approach has
been employed where small amount of high refractive index zinc sulﬁde nanoparticles were added into terpolymer matrix. With a properly designed chemical synthesis route the nanocomposite exhibited increased refractive index while maintaining
high transparency and relatively large E-O eﬀect. Based on the nanocomposite a
tunable LPG with tuning range of 50nm has been demonstrated, which is suﬃcient
to cover an entire optical communication band.
In energy storage capacitors, not only high energy density but also high eﬃciency and reliability of the polymer ﬁlms are required. For P(VDF-TrFE-CFE)
terpolymers, electrical breakdown is an important concern that aﬀects both the energy density and reliability of dielectric capacitors. It has been observed that both
the breakdown electric ﬁeld and conduction current of the terpolymer depends on
the type of metal electrode, which indicates that both processes are controlled by
metal-polymer interface. Aluminum and chromium showed considerably higher
breakdown ﬁeld and lower current density compared to gold and silver. In addition to the eﬀect of metal work functions, another factor that contributes to the
interface eﬀect is the formation of interfacial layer. Such layer was observed for
aluminum which is relatively reactive but not for gold which is inert.
In P(VDF-CTFE) copolymer, it has been found that electrical conduction contribute to a signiﬁcant portion of the energy loss and hence lowers the eﬃciency.
Detailed studies revealed that the conduction current is controlled by charge in-
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jection from electrodes modiﬁed by bulk mobility. An eﬀective method to reduce
the conduction current is to block the charge injection from electrodes using more
insulating materials. Poly(2,6-dimethyl-1,4-phenylene oxide) and silicon nitride
have been selected as examples of polymeric and inorganic blocking layers and
multilayered ﬁlms containing both P(VDF-CTFE) and blocking layers have been
fabricated. Signiﬁcant reduction of conduction current has been observed while
relatively high energy densities were maintained. It was also observed that the
upper limit of energy density in such multilayered ﬁlms is controlled by high ﬁeld
tunneling of charge carriers in the blocking layer.
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Chapter

1

INRODUCTION: ELECTROACTIVE
POLYMERS AND DEVICES
Polymers are found in innumerable applications in people’s life, ranging from trivial everyday products such as plastic bags to the most critical components such
as o-rings in space shuttles. However, over many years polymers were only used
as “passive” materials. It is not until the past several decades that people started
to be interested in the “electroactive” properties of polymers, such as piezoelectric
eﬀect, electro-optic eﬀect, high electric conductivity, and light-emitting properties.
The electroactive properties are critical in many applications in modern technologies. Comparing to their inorganic counterparts, electroactive polymers have their
unique advantages in terms of ﬂexibility, toughness, easy processing, low cost, etc.
Therefore, the research in electroactive polymers is growing rapidly in recent years.
According to their electrical conductivity, electroactive polymers can be roughly
divided into two categories. Among the ﬁrst are those with relatively high conductivities such as conducting and semiconducting polymers, while for the second are
dielectric (insulating) polymers. The work presented in this thesis only involves

2
dielectric polymers. More speciﬁcally, all the polymers discussed in this thesis are
based on modiﬁed poly(vinylidene ﬂuoride) (PVDF). The uniqueness of PVDF is
that it is a ferroelectric polymer, which means there exists a ferroelectric phase
which possesses spontaneous electrical polarization that is switchable by applied
electric ﬁeld. Comparing to normal polymers, PVDF exhibits much higher dielectric constant and piezoelectric and electro-optic eﬀects. Some copolymers of
PVDF such as P(VDF-TrFE) (TrFE: triﬂuoroethylene) also have similar properties
as PVDF and these polymers found wide range of applications [1].
In many applications, much larger electroactive responses than those shown by
PVDF are needed. For instance, electric ﬁeld induced dimensional and refractive
index change in PVDF is about 0.1%, while in polymer actuators and tunable
photonic device changes of several percent are often required. The responses of
PVDF can be signiﬁcantly improved through proper material modiﬁcations. For
instance, Zhang et al have developed a series of so-called relaxor ferroelectric polymers by properly introducing molecular defects into P(VDF-TrFE) copolymers
[2]. In relaxor ferroelectric polymers, reversible molecular conformational change
with very small hysteresis can be induced by electric ﬁeld at room temperature.
This generates very large strain, refractive index change, and electrical polarization. An example of relaxor ferroelectric polymer is the poly(vinylidene ﬂuoridetriﬂuoroethylene-chloroﬂuoroethylene) terpolymer, P(VDF-TrFE-CFE), in which
the electric ﬁeld induced strain of 7% and refractive index change of >2.6% and
room temperature dielectric constant of >50 have been achieved [3, 4, 5]. The
copolymer P(VDF-CTFE) (CTFE: chlorotriﬂuoroethylene) is another example of
polymers modiﬁed from PVDF. The copolymer exhibits similar dielectric constant
to PVDF but shows much smaller hysteresis. This allows it to store and release
much high energy density (>25J/cm3 ) comparing to PVDF (<3J/cm3 ). Such high
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energy density is very attractive for energy storage capacitors [5, 6].
The purpose of the work presented in this thesis is to utilize the promising
material properties of the P(VDF-TrFE-CFE) terpolymer and P(VDF-CTFE)
copolymer in real device applications to achieve performances that are impossible for conventional materials. Two areas of applications will be covered, namely,
tunable optical devices and high energy density capacitors. As an example of tunable optical devices, an electrically tunable long-period ﬁber grating (LPG) will
be demonstrated. An LPG induces coupling between core and cladding modes in
the ﬁber and produces a deep notch in the transmission spectrum of core mode
at the so-called resonance wavelength. LPGs are promising candidates as wavelength ﬁlters and sensors in optical communication and sensing systems. In many
applications it is often desired that the resonance wavelength of an LPG can be
tuned over a wide range (preferably an entire communication band of about 40nm).
Tuning of the resonance wavelength can be realized by various mechanisms such as
thermo-optic eﬀect, acousto-optic eﬀect, and electro-optic(E-O) eﬀect. E-O eﬀect
is perhaps the most ideal mechanism because of its fast speed and nearly zero
power consumption. However, the realization of E-O tuning is hindered by the
limited refractive index change provided by common E-O materials. For instance,
lithium niobate, which is one of the most widely used E-O material, exhibit refractive index change of less than 0.1% which is too small to achieve any signiﬁcant
tuning [7]. The P(VDF-TrFE-CFE) terpolymer has very large E-O eﬀect and its
refractive index (n=1.4) is lower than that of ﬁber cladding (typically 1.44 to 1.45),
which allows it to be used as the second cladding layer of the ﬁber in typical design
of E-O tunable LPGs [8]. Therefore, the terpolymer can be potentially an ideal
E-O material for tunable LPGs.
A challenging issue in the device design of tunable LPG is how to realize the
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40nm tuning using given refractive index change in the terpolymer. In general, in
order to achieve larger tuning range with given refractive index change in the terpolymer, it is desired that more light energy is contained in the terpolymer. Both
numerical simulation and experiment results showed that the thin indium tin oxide
(ITO) layer which acts as the inner electrode of the terpolymer plays an important
role in the distribution of light energy. With suitable thickness and refractive index
of ITO, when the refractive index of the terpolymer is in certain “sensitive range”,
large portions of energy are contained in both the second cladding and the core.
Such distribution of light energy results in large tuning range as well as suﬃcient
depth of the notch in transmission spectrum. However, the native refractive index of the terpolymer is n=1.4 while in order to reach the sensitive range at least
n=1.42 is required. Therefore, the refractive index of the terpolymer needs to be
increased by about 0.02 while retaining large E-O eﬀect and high transparency.
This has been achieved through a nanocomposite approach where small amount
of high refractive index zinc sulﬁde (ZnS) nanopartiles has been introduced into
terpolymer matrix. When the refractive index of the nanocomposite wass adjusted
to around 1.42, large tuning range of 50nm has been achieved in the tunable LPG.
The second area of application discussed in this thesis is energy storage dielectric capacitors. Dielectric capacitors are widely used as energy storage components
in many power electronic circuits. The energy density Ue of a dielectric material
can be related to its dielectric constant K by (assume that K is independent of
electric ﬁeld):
1
Ue = K0 E 2
2

(1.1)

where 0 is the vacuum permittivity and E is the electric ﬁeld. A more general
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formula that is valid for nonlinear dielectric materials is given by

Ue =

EdD

(1.2)

All the polymers used in current thin ﬁlm polymer capacitors show low dielectric constant (e.g. K=2.2 for polypropylene and K=2.8 for polycarbonate). However, polymers are still the preferred choice as capacitor materials due to their extremely high breakdown ﬁeld (>500 MV/m) and the self-healing after breakdown,
which renders the capacitors with high reliability and leads to high energy density
(typically 1-3J/cm3 ). It is highly desirable to further increase the energy density of
polymers in order to reduce the volume of the capacitors. The P(VDF-TrFE-CFE)
terpolymer has much higher dielectric constant than conventional polymers and it
can achieve a high energy density of about 9J/cm3 . A drawback of the terpolymer
is that its dielectric constant decreases at higher ﬁelds due to the early saturation
of electrical polarization. According to equation (1.2), this means at high ﬁelds
the polarization as well as the energy density only increases slowly with electric
ﬁeld. On the other hand, the P(VDF-CTFE) copolymer has a dielectric constant
of about 13 which is much lower comparing to the low ﬁeld dielectric constant
of 50 in the terpolymer. However, the copolymer does not exhibit polarization
saturation and has very high breakdown electric ﬁeld (>600MV/m), which result
in higher energy density of >25J/cm3 .
Real applications not only demands high energy density in capacitors but also
high breakdown electric ﬁeld and eﬃciency. Breakdown electric ﬁeld is an especially important concern for the P(VDF-TrFE-CFE) terpolymer. One of the
methods to control the breakdown ﬁeld of the terpolymer is to modify the interface between metal electrode and polymer. Experimental results revealed that in
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terms of both mean value and the width of distribution of the breakdown ﬁelds,
reactive metals such as aluminum and chromium exhibit better performances than
more inert metals such as gold and silver. Furthermore, the metal electrodes
showing better breakdown characteristics also have lower leakage current, which
suggests that the breakdown process is strongly aﬀected charge injection from the
electrode. The dependence of the breakdown ﬁelds and injection currents of dielectric materials on metal electrodes is often due to work function diﬀerence between
metals [9]. For the terpolymer, it has been found that another reason for electrode
dependence is the formation of interfacial layer between metal electrode and the
polymer. Such layer has been detected for reactive metals such as aluminum by
dielectric and photoemission measurements, but not for inert metals such as gold.
For the P(VDF-CTFE) copolymer the most important concern is the conduction loss which signiﬁcantly reduces the energy eﬃciency. P(VDF-CTFE) is a
dielectric polymer that contain very small amount of charge carriers and the conduction currents are dominated by external carriers that are injected from the
electrodes. Therefore, in order to reduce the conduction loss an eﬃcient method
is to block the charge injection using highly insulating layers. A blocking material
must not only have low leakage current but also have a fabrication process that
is compatible with the copolymer. Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO)
has excellent insulating properties and cannot be dissolved by the solvent used for
P(VDF-CTFE). On the other hand, the solvent for PPO also does not dissolve
P(VDF-CTFE). Therefore, multilayered PPO/P(VDF-CTFE) ﬁlms can be readily fabricated through layer by layer spin coating. The eﬃciency in PPO/P(VDFCTFE) multilayers can reach >90% while typical value for pure P(VDF-CTFE)
is lower than 70% at similar energy density level. A drawback of all-polymer multilayers is that the polymers with low conduction losses also have low dielectric
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constant (e.g. PPO K=2.8) which signiﬁcantly reduces the overall dielectric constant of the multilayered ﬁlms (e.g. in the high eﬃciency PPO/P(VDF-CTFE)
mentioned above, K=5.5) and limits the maximum operation electric ﬁeld. In contrast, inorganic materials with both low leakage current and dielectric constant
close to or even higher than P(VDF-CTFE) are widely available [10]. Therefore,
we investigated the feasiblity of using inorganic material as blocking layers. The
most critical concern for inorganic blocking layers is that the typical deposition
process for these materials involves high temperature or plasma energy that often
damages the polymer ﬁlm. The melting point of P(VDF-CTFE) is 165◦ and hence
the deposition temperature of inorganic layer should be at least lower than this
value. Based on this consideration, silicon nitride (Si3 N4 ) has been selected as a
prototypical inorganic blocking layer since it has very good insulating properties
and can be deposited at below 150◦ using plasma enhanced chemical vapor deposition (PECVD). The eﬃciency of Si3 N4 /P(VDF-CTFE) multilayer is higher than
80% and a relatively high dielectric constant of >10 can be achieved.
The topics covered in this thesis are arranged as follow. Chapter 2 provides a
brief review of PVDF based relaxor ferroelectric polymers. Chapter 3 and Chapter
4 discuss the development of tunable LPG, where Chapter 3 presents a theoretical
analysis of the LPG response using a simulation model and the details about the
fabrication and characterization of the tunable LPG as well as the nanocomposite
are provided in Chapter 4. The next two chapters cover the applications in high energy density capacitors, where Chapter 5 presents the study on the metal-polymer
interface and breakdown of the P(VDF-TrFE-CFE) terpolymer, while Chapter 6
discusses the conduction in P(VDF-CTEF) copolymer and reduction of conduction
using blocking layers. Finally, a conclusion and some suggested future work are
presented in Chapter 7.

Chapter

2

POLY(VINYLIDENE FLUORIDE)
BASED ELECTRO-ACTIVE
POLYMERS
All the work presented in this thesis is based on electro-active polymers that are
derived from poly(vinylidene ﬂuoride) (PVDF). Before delving into detailed discussion on the device applications, a brief introduction to PVDF based electroactive
polymers is presented in this chapter. Due to limited space we will only discuss
PVDF homopolymer and P(VDF-TrFE-CFE) terpolymer in this chapter. More
detailed information about PVDF based polymers can be found in several excellent
reviews [1, 12, 13, 14].

2.1

Poly(vinylidene ﬂuoride)

PVDF was ﬁrst synthesized over sixty years ago and has long been used as longlife coatings and as an electrical insulator and chemical inert material in chemical
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processing equipment [11]. Large piezoelectric eﬀect has been discovered in PVDF
in late 1960’s and since then extensive study has been carried out to prove the
ferroelectric nature of PVDF and to elucidate the relation between its properties
and structures [1, 11, 15]. At the same time, many applications of PVDF has been
demonstrated, such as in transducers, electromechanical actuators, pyroelectric devices, etc [16]. In the late 1990’s, relaxor ferroelectric behavior has been realized in
defect modiﬁed PVDF copolymers and terpolymers [2]. This resulted in signiﬁcant
increase of dielectric constant and electromechanical and electro-optic eﬀects than
in normal PVDF.
The chemical structure of PVDF is [-CH2 -CF2 -]n . Vinylidene ﬂuoride can
be copolomerized with triﬂuoroethylene (TrFE, chemical structure CHF=CF2 ) to
form the copolymer P(VDF-TrFE). The copolymer shows similar and in some cases
superior properties comparing to PVDF homopolymer [14].
Although PVDF and P(VDF-TrFE) have simple chemical formulas, their physical structures are much more complicated and it is these diverse structures that
resulted in their unique properties. PVDF shows several levels of physical structures, namely, individual polymer chains, crystalline forms (packing of individual
chains), and the morphology of polymer ﬁlms. An individual PVDF chain can
take several diﬀerent conformations, such as the so-called all-trans, TG+ TG− , and
TTTG+ TTTG− conformations (Figure 2.1). A major diﬀerence between these
conformations is that the C-F and C-H bonds take diﬀerent directions. Since the
net dipole moment of the chain is the vectorial sum of dipole moment carried by
individual segments, the diﬀerent conformations exhibit diﬀerent net dipole moments. The all-trans conformation is the most polar one with dipole moment of
7.0 × 10−30 C-m per repeat unit in the direction perpendicular to chain axis. The
TG+ TG− conformation carries dipole moment of 4.0 × 10−30 C-m perpendicular
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and 3.4 × 10−30 C-m parallel to the chain axis. Similar values are held by the
TTTG+ TTTG− conformation. In addition net dipole moment, diﬀerent conformations also have diﬀerent length of repeating units of the polymer chain.

Figure 2.1. The diﬀerent molecular conformations of PVDF

PVDF is a semi-crystalline polymer, which means there exists both crystalline
and amorphous regions. In its crystalline region the polymer chains are packed
into diﬀerent crystalline forms, depending not only on the conformation of each
individual chains but also the way of packing. The four most common crystalline
forms of PVDF are the α, β, γ, and δ phases (Figure 2.2, 2.3). In α phase, the
individual chains have TG+ TG− conformation and the chains are packed in a nonpolar manner so that their dipole moments cancel each other, resulting in zero net
polarization. In β phase, the chains have all-trans conformation and are packed
in a polar manner that the dipole moments of all chains are in the same direction,
and hence the β phase is a highly polar phase. The γ phase consists of chains
with TTTG+ TTTG− conformation packed in a polar manner. Finally, the δ phase
can be imagined as the polar counterpart of the α phase. The crystalline regions
in PVDF consist of lamellae of typically 10 to 20nm thick, where the polymer
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chains are perpendicular to the surface of the lamellae and are folded such that
they penetrate the lamellae for many times. The lamellae further form spherulites
(Figure 2.4). The crystalline regions are surrounded by an amourphous sea of
scrambled, spaghettilike chains.

(a) α phase

(b) β phase

Figure 2.2. The α and β phases of PVDF. (Adapted from [11])

(a) γ phase

(b) δ phase

Figure 2.3. The γ and δ phases of PVDF. (Adapted from [11])

The crystalline phase of PVDF depend on the preparation method and the
diﬀerent phases can be transformed into each other under certain conditions. For
instance, PVDF ﬁlms prepared from melt solidiﬁcation are in α phase. When α
phase PVDF is uniaxially stretched to several times it can be converted to β phase.
On the other hand, when PVDF ﬁlm in α phase is subjected to increasingly large
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Figure 2.4. The morphology of PVDF, showing the crystalline lamellae and amorphous
regions. (Adapted from [11])

electric ﬁelds, it will ﬁrst be converted to δ phase and then to β phase at very
high ﬁelds. The β phase of PVDF is a ferroelectric phase and exhibits the largest
piezoelectric eﬀect among all the phases. Therefore, it is the most attractive phase
for early applications of PVDF that used its piezoelectric and pyroelectric eﬀects.

2.2

Relaxor ferroelectric polymers

Although the ferroelectric β phase of PVDF exhibit relatively large piezoelectric,
pyroelectric and electro-optic eﬀects and have been used in various applications,
the mechanical strain and refractive index change exhibited by PVDF is typically
less than 0.1%, which cannot meet the requirement of many applications such as
some electromechanical actuators and tunable photonic devices. An important
property of PVDF based ferroelectric polymers is the transition from ferroelectric phase to paraelectric phase at increased temperature. Such phase transition
generates much larger diﬀerence (as large as 10%) in dimension, refractive index
and electrical polarization than those generated by the ferroelectric phase itself.
In PVDF homopolymer the energy barrier for such transition is so large that no

13
phase transition could be observed up to the melting temperature. In P(VDFTrFE) copolymer, on the other hand, the increased amount of TrFE units eﬃciently reduces the transition temperature to below the melting point[1]. It has
been found that when the content of VDF is between 50-80 mol%, phase transition can be readily observed in P(VDF-TrFE) with transition temperatures in the
range between 70◦ and 140◦ [14].
However, a drawback of the ferroelectric phase transitions in P(VDF-TrFE)
copolymers is that they are associated with large hysteresis. Moreover, they occur
at higher temperature than the room temperature (>70◦ C). It is well known in
ferroelectric ceramics that the hysteresis associated with phase transition is due
to the large energy barrier between the two phases. The energy barrier can be
reduced by breaking the large ferroelectric domains into microdomains through
introduction of defects. In this way, the normal ferroelectric P(VDF-TrFE) is
converted into a relaxor ferroelectric material. The large hysteresis associated with
phase transition is signiﬁcantly reduced or even eliminated in relaxor ferroelectric
polymers and a reversible phase transition can be induced by electric ﬁeld at room
temperature [2].
For P(VDF-TrFE) copolymer the molecular defects can be introduced by either
high energy electron irradiation or chemical modiﬁcation [2, 3]. From the standpoint of device applications, the latter approach is preferred because the chemically modiﬁed polymer are available as ready-to-use powders and hence can be
easily processed. One of such modiﬁed copolymer is the poly( vinylidene ﬂuoridetriﬂuoroethylene-chloroﬂuoroethylene ) terpolymer, P( VDF-TrFE-CFE ) (Figure
2.5). A typical composition of the terpolymer is VDF:TrFE:CFE=65:35:10 mol%.
Since the dimension of chlorine atoms is much larger than all the other atoms in
P(VDF-TrFE), the termonomer CFE eﬀectively acts as structural defect in the
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polymer.

Figure 2.5. The chemical structure of P(VDF-TrFE-CFE) terpolymer.

The polarization of the P(VDF-TrFE-CFE) terpolymer is characterized by the
D-E loop curves, where D represents the electrical displacement and E represents
the electric ﬁeld. As shown in Figure 2.6, the hysteresis for the terpolymer is much
smaller than that of the unmodiﬁed copolymer. Therefore, high polarization level
can be induced by electric ﬁeld reversibly and the room temperature dielectric constant is larger than 50. The electro-optic (E-O) response and the electromechanical
strain of the terpolymer are shown in Figures 2.7 and 2.8. In order to measure
the E-O eﬀect, the transmission along the normal direction of the ﬁlm is recorded
using an FTIR spectrometer and from the electric ﬁeld induced spectrum shift
the overall optical path length change can be determined. Since the strain of the
terpolymer can be measured independently using photonic sensors, pure refractive
index change can be extracted from the path length change. Experimental result
shows that pure refractive index change of -2.6% can be achieved under electric
ﬁeld of 80MV/m and the strain along ﬁlm thickness direction is 3% under the same
electric ﬁeld.
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Figure 2.6. The D-E loops of a relaxor ferroelectric terpolymer and a normal ferroelectric copolymer. [18]

Figure 2.7. The electro-optic response of a relaxor ferroelectric terpolymer. [4]
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Figure 2.8. The D-E loops of a relaxor ferroelectric terpolymer and a normal ferroelectric copolymer. [4]
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The strain and electro-optic eﬀect exhibited by the terpolymer are more than
an order of magnitude higher than those in most conventional electro-active materials. For instance, in common ferroelectric ceramics and single crystals the
dimensional and refractive index changes are typically smaller than 0.1%. On the
other hand, the dielectric constant and polarization level in the terpolymer are also
signiﬁcantly higher than common dielectric polymers such as polypropylene (2.2)
and polycarbonate (2.8). Therefore, the terpolymer provides promising opportunities for device applications. In the following several chapters, applications of the
terpolymer in tunable optical devices and energy storage capacitors are going to
be demonstrated. For energy storage capacitors, another PVDF based polymer,
the P(VDF-CTFE) copolymer, will also be discussed. More information regarding
the detailed material properties are going to be presented in this thesis along with
device applications.

Chapter

3

THEORETICAL ANALYSIS OF
TUNABLE LONG-PERIOD FIBER
GRATINGS
This chapter and Chapter 4 focus on the application of P(VDF-TrFE-CFE) terpolymer in tunable optical device. The design, fabrication and test results of a
tunable long-period ﬁber grating (LPG) with the terpolymer as a second cladding
layer will be presented. The tunable LPG developed here has a large tuning range
that can cover an entire ﬁber optic communication band. This device not only
demonstrated the advantage of the large E-O eﬀect of the terpolymer in tunable
optical devices, but also indicated how to properly design the device structure to
maximize the tuning range with given magnitude of E-O eﬀect, as well as a method
to modify the native refractive index of the terpolymer which is required to further
increase the tuning range. This chapter covers the working principle, design, and
theoretical analysis of the tunable LPG which indicate the method to achieve the
largest tuning range. The experimental methods and results will be presented in
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Chapter 4.

3.1

Introduction to tunable long-period gratings

In ﬁber-optic communication networks, sensing systems, and scientiﬁc instrumentations, wavelength selectivity is often of the central importance. In optical ﬁbers
the wavelength selectivity is usually realized by ﬁber gratings. In order to understand the operation principle of ﬁber gratings, I will brieﬂy review the basic structure and operation principle of optical ﬁber. The cross-sectional view of an optical
ﬁber is presented in Figure 3.1, showing the core and cladding layers of the ﬁber
and the surrounding medium which may be the plastic jacket in commercial ﬁbers
or any other material in speciﬁc ﬁber devices. Generally we have nco > ncl > ns ,
where nco , ncl , and ns are the refractive indexes of core, cladding, and surrounding
medium, respectively. Therefore, total internal reﬂection can happen at both the
core-cladding boundary and cladding-surrounding medium boundary, and hence
light can be guided in the core only (core mode) or also in the cladding (cladding
mode). Core mode has very small optical loss and carries signal in optical communication systems. Cladding mode, on the other hand, experiences much higher
attenuation due to surface scattering, bending loss, etc [19].
The most important concepts of light in a ﬁber are the modes and the eﬀective
refractive index and ﬁeld distribution of modes. An optical ﬁber is a cylindrical
structure with a circular cross-section and inﬁnitely extends along its axis. Light
in ﬁber can be generally expressed as:

Ez (r, θ, z) = E(r)ejνθ ejnef f k0 z

(3.1)

20

Figure 3.1. The cross-sectional view of an optical ﬁber.

where r, θ and z represents the radial, azimuthal and axial coordinates, and k0 is
the wave number in vacuum. The parameters ν and nef f are called the azimuthal
order and the eﬀective refractive index. Due to cylindrical symmetry we have
ν = 0, 1, 2, · · · . Here only the z-component of electric ﬁeld is considered, but
all the electric and magnetic ﬁeld components can be treated similarly. For a
step-index ﬁber, in each layer the radial ﬁeld distribution E(r) is governed by the
equation [20]
d2 E(r) 1 dE(r)
ν2
2
2
2
+
[k
+
(n
−
n
)
−
]E(r) = 0
0
m
ef f
dr2
r dr
r2

(3.2)

where nm denotes the refractive index of the mth layer of ﬁber. In most cases we
are only interested in bounded modes in core or cladding. In this case, for each
azimuthal order ν there exists a series of eigenmodes that satisfy (3.2) and each
eigenmode has a speciﬁc nef f and ﬁeld distribution E(r). The term “bounded” is
most easily understood in a ray optics picture. For core modes, rays are bounded
by the reﬂection at the core-cladding boundary and hence nco > nef f > ncl . Outside the core, light is in the form of evanescent wave in the radial direction and
the intensity decays to zero as the diameter increases towards inﬁnity. Similarly,
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for cladding modes ncl > nef f > ns and light is bounded in the cladding by is
evanescent outside the cladding.
In a perfect ﬁber without structural perturbations, the eigenmodes propagate
independently without interacting with each other. However, when a periodic
perturbation (usually refractive index change) exist in the ﬁber, coupling between
two modes will happen provided that the so-called phase-matching condition is
satisﬁed:
2π (1)
2π
(2)
(nef f − nef f ) =
λ
Λ

(3.3)

where λ is the wavelength of light in vacuum, Λ is the period of the perturbation,
(1)

(2)

and nef f and nef f are the eﬀective refractive indexes of the two modes. The phase
matching condition is satisﬁed at the resonance wavelength λ0 which is given by
(1)

(2)

λ0 = (nef f − nef f )Λ

(3.4)

We call the periodically perturbed ﬁber structure a ﬁber grating. According to
equation (3.4), a ﬁber grating induces mode coupling only at the resonance wavelength where light energy in one mode will be transfered to another. This results
in change of transmittance of the mode at the resonance wavelength and hence
realizes wavelength selectivity in ﬁber.
According to the grating period Λ and light wavelength λ, ﬁber gratings can
be classiﬁed into ﬁber Bragg (short period) grating (FBG) in which Λ ∼ λ and
long-period gratings (LPG) in which Λ >> λ (Figure 3.2). In FBGs, the phase
(1)

(2)

matching condition (equation (3.4)) implies that nef f − nef f =

λ0
Λ

∼ 1. In a ﬁber

the diﬀerence between the eﬀective indexes of two modes propagating in the same
direction is very small, and hence in FBG the phase matching condition can only
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be satisﬁed by modes propagation in opposite directions. In practice, an FBG is
usually used to couple a core mode to a counter-propagating core mode. In LPGs,
(1)

(2)

on the other hand, nef f − nef f =

λ0
Λ

≈ 0, and hence coupling occurs between two

co-propagating modes, usually a core mode and a cladding mode. Cladding modes
experience large attenuations and the energy will be lost quickly. In both FBG
and LPG the coupling results in notch(es) in the transmission spectrum of the core
mode. (Figure 3.2)

(a) LPG

(b) FBG

Figure 3.2. Typical transmission spectrums of long-period gratings (LPG) and ﬁber
Bragg (short period) gratings (FBG). The insets illustrate the core-cladding and corecore couplings. (Adapted from [26])

(co)

(cl)

λ0 = (nef f − nef f )Λ

(3.5)

It is often desirable that the resonance wavelength of a ﬁber grating is dynam-
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ically reconﬁgurable in certain range. In particular a tuning range that can cover
an entire communication band of about 40nm is highly demanded. According to
equation (3.4), the resonance wavelength can be tuned by varying the grating period and/or the eﬀective refractive indexes of the modes. Very limited dimensional
change can be induced in silica ﬁber and hence it is more feasible to tune the
eﬀective refractive index of the modes rather than grating period. In this sense,
LPGs are preferred over FBGs because of the large period multiplied to the eﬀective indexes (equation (3.4)) which “ampliﬁes” the eﬀective index change to give
a much larger shift of resonance wavelength. Tunable LPGs with tuning range
of more than 40nm has been demonstrated only in polymer ﬁlled microstructured
ﬁbers where the eﬀective refractive index change is generated by thermo-optic effect [21, 22]. However, the drawbacks of thermal tuning are the power consumption
for heat generation and the slow speed. On the other hand, E-O eﬀect has much
faster speed and consumes essentially no electric power and is perhaps the most
ideal tuning mechanism. However, within the author’s knowledge, due to the lack
of suitable E-O material very few E-O tunable LPGs have been reported and the
tuning range is at most several nanometers [23]. The P(VDF-TrFE-CFE) terpolymer exhibit much larger E-O eﬀect than conventional E-O materials and refractive
index change of more than 0.01 can be generated by electric ﬁeld. Therefore, the
terpolymer can potentially signiﬁcantly increase the tuning range of E-O tunable
LPGs.
A device structure proposed by Yin et al has been chosen for the E-O tunable
LPG (Figure 3.3), in which the terpolymer forms a second cladding in addition to
the original cladding of the ﬁber. An indium-tin oxide (ITO) layer and a metal
layer act as the inner and outer electrodes of the terpolymer. When electric ﬁeld is
applied, refractive index change is generated in the terpolymer through E-O eﬀect
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which in turn changes the eﬀective refractive index of the cladding mode and
hence tunes the resonance wavelength of the LPG. The advantage of this structure
is that no additional loss is introduced to core mode at wavelengths away from the
resonance wavelength. Furthermore, the fabrication of this device only involves
deposition of organic and inorganic layers on the ﬁber, which is relatively easy to
implement.

Figure 3.3. The structure of an electrically tunable LPG.

Even though the terpolymer exhibits a large E-O eﬀect, the device structure
of the LPG must be properly designed to realize the desired tuning range of 40nm
with the refractive index change generated in the terpolymer. Furthermore, while
the resonance wavelength is tuned the variation in the transmittance of grating
must be minimized. In the following sections, a precise model will be developed
to theoretically analyze the properties of the tunable LPG.
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3.2

A precise model for computer simulation of
LPG

The properties of a ﬁber grating can be analyzed using coupled-mode theory [24].
In this section, we will ﬁrst present the coupled-mode formalism for LPGs and
then provide the method to calculate the eﬀective index and ﬁeld distribution of
modes that are the most important parameters in coupled-mode theory.

Coupled-Mode Formalism for Long-Period Gratings
We follow closely the treatment on coupled-mode theory as described in [25]. When
certain perturbation exists in a waveguide, it can be treated as an additional
polarization term:

∇ × E = −jωμH

(3.6)

∇ × H = jωE + jω P

(3.7)

If there are two waves propagating in the ﬁber (denoted by 1 and 2), from equations
(3.6) and (3.7) we havex
∇ · (E1 × H2∗ + E2∗ × H1 ) = −jω P1 · E2∗ + jω P2∗ · E1

(3.8)

Now we set wave 2 as a mode in the waveguide and hence P2 = 0, and integrate
equation (3.8) over the entire cross section and use the divergence theorem, we
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have


+∞

−∞

∂
dxdy (E1 × H2∗ + E2∗ × H1 )z = −jω
∂z



+∞

−∞

dxdy P1 · E2∗

(3.9)

Decompose the ﬁrst wave into summation of eigenmodes, then

E1t =
H1t =




(aν + bν )Etν

(3.10)

(aν − bν )Htν

(3.11)

where aν and bν are coeﬃcients of forward and backward propagating modes,
respectively. Let the second wave be a forward propagating mode, we have

E2 = Eμ exp(−jβμ z)

(3.12)

H2 = Hμ exp(−jβμ z)

(3.13)

The eigenmodes satisfy the orthonormality relation:


+∞

2
−∞

dxdy Eνμ × Hν̄∗μ̄ = δν ν̄ δμμ̄

(3.14)

and hence
daμ
+ jβμ aμ = −jω
dz



+∞

−∞

dxdy P · Eμ∗

(3.15)

By changing wave 2 in equation (3.8) into a backward propagating wave, we will
get
dbμ
− jβμ bμ = jω
dz



+∞

−∞

∗
dxdy P · E−μ

(3.16)
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Deﬁne Aμ and Bμ as

aμ = Aμ exp(−jβμ z)

(3.17)

bμ = Bμ exp(jβμ z)

(3.18)

then
  +∞
dAμ
= −jω
dxdy P · Eμ∗ exp(jβμ z)
dz
−∞
  +∞
dBμ
∗
dxdy P · E−μ
exp(−jβμ z)
= jω
dz
−∞

(3.19)
(3.20)

For a waveguide with perturbation Δ, we have

P = ΔE

(3.21)

The longitudinal and transverse components are treated separately:

Pt = ΔEt = Δ



(aν + bν )Etν

(3.22)

According to Maxwell’s equation, after introduction of perturbation we have

jω( + Δ)Ez = ∇t × Ht

(3.23)

and hence
Pz = ΔEz
Δ
∇t × Ht
jω( + Δ)
Δ ·  
(aν − bν )Ezν
=
 + Δ
=

(3.24)
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Substitute the decomposed polarization into equations (3.19) and (3.20), we have
dAμ
= − jω
dz



∞

dxdy



−∞

∗
[(aν + bν )ΔEtν · Etμ

Δ · 
∗
+ (aν − bν )
] exp(jβμ z)
Ezν · Ezμ
 + Δ
dBμ
=jω
dz



∞

dxdy



−∞

(3.25)

∗
[(aν + bν )ΔEtν · Etμ

Δ · 
∗
Ezν · Ezμ
− (aν − bν )
] exp(−jβμ z)
 + Δ

(3.26)

t
z
Deﬁne the transverse and longitudinal coupling coeﬃcients Kνμ
and Kνμ
as


t
Kνμ

∞

=ω

z
=ω
Kνμ

 −∞
∞

∗
dxdyΔEtν · Etμ

dxdy
−∞

Δ · 
∗
Ezν Ezμ
 + Δ

(3.27)
(3.28)

And then the coupling equations become

dAμ
t
z
=−j
{Aν (Kνμ
+ Kνμ
)exp[−j(βν − βμ )z]
dz
+

t
Bν (Kνμ

−

z
Kνμ
)exp[j(βν

+ βμ )z]}


dBμ
t
z
=j
{Aν (Kνμ
− Kνμ
)exp[−j(βν + βμ )z]
dz
+

t
Bν (Kνμ

+

(3.29)

z
Kνμ
)exp[j(βν

(3.30)

− βμ )z]}

These are the general coupled-mode equations that ﬁnd applications in various
guided-wave optic problems. The application of coupled mode theory in ﬁber
gratings has been treated thoroughly in [26] and [29].
A grating induced in ﬁber can be represented by a modulation of refractive
index:
n(r, z) = n0 {1 + σ(z)[1 + m cos(

2π
z)]}
Λ

(3.31)
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The most important case for us is that σ(z) is a constant:

n(r, z) = n0 + n0 σ[1 + m cos(

2π
z)]
Λ

(3.32)

In UV induced long-period gratings the modulation is limited in core region (In
arc gratings the modulation exists in all layers). Comparing to [26], we use a
slightly diﬀerent form of mode normalization:
1
P = Re
2





2π

∞

dφ
0

0

rdr(Ercl Hφcl∗ − Hrcl∗ Eφcl ) = 1W

(3.33)

In long-period gratings, core mode is always mode LP01. We consider core-core
and core-cladding couplings and neglect cladding-cladding coupling since it is much
weaker. In cylindrical coordinate equation (3.27) takes the form

t
Kνμ
(z)

ω
=
4





2π

∞

dφ
0

0

rdrΔ(r, z)Eνt (r, φ) · Eμt∗ (r, φ)

(3.34)

We only consider the transverse coupling coeﬃcient because comparing to transverse components, the longitudinal components are much smaller. To be convenient
for calculation, we write the coupling coeﬃcient as

t
(z) = τ + 2κ cos
Kνμ

2π
z
Λ

m
τ
2

κ=

(3.35)
(3.36)

where τ is the “dc” component of index change and m is the visibility of the
grating. τ can be expressed as
ω0 n20 σ
τkj (z) =
2





2π

dφ
0

0

r1

∗
rdrEkt · Ejt

(3.37)
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For guided-guided coupling (LP01 − LP01 ):
co−co
τ01−01

=



ω0 n20 σπ

0

r1

rdr(|Erco |2 + |Eφco |2 )

(3.38)

where r1 is the core radius. For guided-cladding coupling ( LP01 − Mνμ ), the
angular part of coupling coeﬃcient is

0

2π

dφexp[i(ν − 1)φ] = 2πδν1

(3.39)

This means coupling take place only between core mode and cladding modes with
angular order ν = 1. Thus the core-cladding coupling coeﬃcient can be expressed
as
co−cl
τ01−1ν

=

ω0 n20 σπ


0

r1

rdr(Ercl Erco∗ + Eφcl Eφco∗ )

(3.40)

For simplicity we only consider coupling between core mode and one cladding
mode. The coupled mode equations for LP01 guided mode and M1μ cladding mode
can be expressed as
dAco
co−co co
cl−co cl
= iK01−01
A + iK1ν−01
Aν exp[i(βνcl − β co )z]
dz
dAcl
ν
co−cl co
A exp[i(β co − βνcl )z]
= iK01−1ν
dz

(3.41)
(3.42)

Let
2π
1
)
δ = (β co − βνcl −
2
Λ
τ co−co
+δ
σ̂ =
2
co−cl∗
κ = κcl−co
1ν−01 = κ01−1ν

(3.43)
(3.44)
(3.45)
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τ co−co
+ δ)z]
2
τ co−co
− δ)z]
S = Acl
ν exp[i(−
2

R = Aco exp[i(−

(3.46)
(3.47)

Then
dR
= iσ̂R + iκS
dz
dS
= −iσ̂S + iκ∗ R
dz

(3.48)
(3.49)

The boundary condition for this problem is |S(0)| = 0, and the transmission of
grating can be expressed as
R(L)
R(0)
√
= cos2 ( σ̂ 2 + κ2 L) +

T =

σ̂ 2
σˆ2 + κ2

√
sin ( σ̂ 2 + κ2 L)

(3.50)

2

Up to now we have presented a coupled-mode formalism for long-period gratings. The approximations we have made are:
1. Neglect all the oﬀ-resonant modes when computing certain mode

2. Neglect the longitudinal mode coupling

3. Neglect the cladding-cladding coupling

Eﬀective refractive index and ﬁeld distribution of modes
The method to solve eﬀective index and ﬁeld distribution of core and cladding
modes are presented here. In this thesis we are only concerned with step index
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ﬁbers, where the refractive index is constant in each layer. In this case, analytical
expression of general solution in each layer is available and the unknown constants in these general solutions are determined by boundary conditions. This is a
straightforward process, but a potential problem is that when there are many layers in a ﬁber, the number of boundary conditions will be very large since at each
boundary there are four independent boundary conditions. Solving for the unknown coeﬃcients then involves manipulating matrices with very large dimensions
which is time consuming. Here we follow the approach of Yeh where a transfer matrix type of formalism is adopted and the dimension of matrix involved in
the calculation is always four, which signiﬁcantly increases the computation speed
[27, 28].
Light propagating in a ﬁber is governed by wave equation. Consider a ﬁber
with N + 1 layers and N boundaries, if the refractive index of the mth layer is nm
and deﬁne km = 2πnm /λ where λ is the wavelength of light in vacuum, then in
cylindrical coordinate (r, θ, z) we have

2 ∂Eθ Er
− 2 + k 2 Er = 0
2
r ∂θ
r
∂E
E
2
r
θ
− 2 + k 2 Eθ = 0
∇2 Eθ + 2
r ∂θ
r
∇2 Er −

∇2 Ez + k 2 Ez = 0

(3.51)
(3.52)
(3.53)

where the operator ∇2 is deﬁned by
∇2 ψ =

1 ∂2ψ ∂2ψ
1 ∂ ∂ψ
(r ) + 2 2 + 2
r ∂r ∂r
r ∂θ
∂z

Equations for magnetic ﬁelds are of the same form. The transverse (r- and
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θ-) components couple with each other while the longitudinal (z-) component is
decoupled from other components. Thus the longitudinal component can be solved
ﬁrst, and then the transverse components can be obtained through the transverselongitude relations [20]
1
νωμ0
∂Ez
Hz − iβ
)
(
2
2
(km nm ) − β
r
∂r
∂Hz βν
1
+
Ez )
(iωμ0
Eθ = −
2
2
(km nm ) − β
∂r
r
∂Hz
1
νnm 2 0 ωEz
Hr =
+ iβ
)
(
2
2
(km nm ) − β
r
∂r
1
∂Ez βν
(inm 2 0 ω
−
Hz )
Hθ =
2
2
(km nm ) − β
∂r
r
Er = −

(3.54)
(3.55)
(3.56)
(3.57)

The z-component satisﬁes the equation
1 ∂ ∂Ez
1 ∂ 2 Ez ∂ 2 Ez
(r
)+ 2
+
+ k 2 Ez = 0
r ∂r ∂r
r ∂θ2
∂z 2

(3.58)

This equation can be solved by separating variables and Ez can be written in the
general form
Ez = Ez (r)eiνθ eiβz
which yields
d2 Ez (r) 1 dEz (r)
ν2
2
2
+
[(k
+
−
β
)
−
]Ez (r) = 0
m
dr2
r dr
r2

(3.59)

and for magnetic ﬁeld there is a similar equation. Here β is related to the eﬀective
refractive index by

β=

2π
nef f
λ

(3.60)
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2
= β 2 − (km nm )2 , the general solution in each
Deﬁne p2m = (km nm )2 − β 2 and qm

layer can be expressed as:
Layer 1:
Ez(1) = C1 Jν (p1 r)

(3.61)

Hz(1) = iD1 Jν (p1 r)

(3.62)

Layer m(1<m<N+1):
For guided wave (km > β):

Yν (pm r)
Ez(m) = Cm Jν (pm r) + Cm

(3.63)


Yν (pm r)
Hz(m) = iDm Jν (pm r) + iDm

(3.64)

For evanescent wave (km < β):

Kν (qm r)
Ez(m) = Cm Iν (qm r) + Cm

(3.65)


Kν (qm r)
Hz(m) = iDm Iν (qm r) + iDm

(3.66)

Layer N+1:
Ez(N +1) = EKν (qN +1 r)

(3.67)

Hz(N +1) = iF Kν (qN +1 r)

(3.68)

From z-components we can obtain r- and θ- components:
Layer 1:
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β 
νωμ0
Jν (pm r)Cm − i 2 Jν (pm r)Dm
pm
pm r
2
νnm 0 ω
β 
Jν (pm r)Cm −
=
J (pm r)Dm
2
pm r
pm ν
βν
ωμ0 
= − 2 Jν (pm r)Cm +
J (pm r)Dm
pm r
pm ν
n 2 0 ω 
βν
=i m
Jν (pm r)Cm − i 2 Jν (pm r)Dm
pm
pm r

Er(m) = i

(3.69)

Hr(m)

(3.70)

(m)

Eθ

(m)

Hθ

(3.71)
(3.72)

Layer m(1<m<N+1):
For guided wave (km > β),

β 
νωμ0
Jν (pm r)Cm − i 2 Jν (pm r)Dm
pm
pm r
β 
νωμ
0


+ i Yν (pm r)Cm
− i 2 Yν (pm r)Dm
pm
pm r
νn2m 0 ω
β 
Hr(m) =
J (pm r)Dm
Jν (pm r)Cm −
2
pm r
pm ν
νn2 0 ω
β 


Yν (pm r)Cm
+ m2
−
Y (pm r)Dm
pm r
pm ν
βν
ωμ0 
(m)
Eθ = − 2 Jν (pm r)Cm +
J (pm r)Dm
pm r
pm ν
βν
ωμ0 


− 2 Yν (pm r)Cm
+
Yν (pm r)Dm
pm r
pm
2
n 0 ω 
βν
(m)
Hθ = i m
Jν (pm r)Cm − i 2 Jν (pm r)Dm
pm
pm r
2
n 0 ω 
βν


+i m
Yν (pm r)Cm
− i 2 Yν (pm r)Dm
pm
pm r
Er(m) = i

For evanescent wave (km < β),

(3.73)

(3.74)

(3.75)

(3.76)
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β 
νωμ0
Iν (qm r)Cm + i 2 Iν (qm r)Dm
qm
qm r
β
νωμ0


− i Kν (qm r)Cm
+ i 2 Kν (qm r)Dm
qm
qm r
νn2 0 ω
β 
Hr(m) = − m2
I (qm r)Dm
Iν (qm r)Cm +
qm r
qm ν
νn2 0 ω
β 


Kν (qm r)Cm
− m2
+
Kν (qm r)Dm
qm r
qm
βν
ωμ0 
(m)
Eθ = 2 Jν (qm r)Cm −
J (qm r)Dm
qm r
qm ν
βν
ωμ0 


+ 2 Yν (qm r)Cm
−
Yν (qm r)Dm
qm r
qm
2
n 0 ω 
βν
(m)
Hθ = −i m
Iν (qm r)Cm + i 2 Iν (qm r)Dm
qm
qm r
2
n 0 ω 
βν


−i m
Kν (qm r)Cm
+ i 2 Kν (qm r)Dm
qm
qm r
Er(m) = −i

(3.77)

(3.78)

(3.79)

(3.80)

Layer N+1:
Er(N +1) = −i
Hr(N +1)
(N +1)

Eθ

(N +1)

Hθ

β

Kν (qN +1 r)E + i

νωμ0
Kν (qN +1 r)F
2
qN
+1 r

qN +1
νn2 0 ω
β
Kν (qN +1 r)E +
= − N2 +1
Kν (qN +1 r)F
qN +1 r
qN +1
βν
ωμ0 
Yν (qN +1 r)E −
= 2
Y (qN +1 r)F
qN +1 r
qN +1 ν
n2 0 ω 
βν
Kν (qN +1 r)F
= −i N +1
Kν (qN +1 r)E + i 2
qN +1
qN +1 r

(3.81)
(3.82)
(3.83)
(3.84)



, Dm
, E, F are coeﬃcients to be deterIn these expressions C1 , D1 , Cm , Dm , Cm

mined. Now that the general solution in each layer is obtained, the next step is
to determine these coeﬃcients through boundary conditions. For this purpose, we
ﬁrst express ﬁelds in diﬀerent layers in matrix form:

37
Layer 1:

⎛

(1)
Ez

⎜
⎜
⎜ −iHz(1)
⎜
⎜
⎜ E (1)
⎜
θ
⎝
(1)
−iHθ

⎞

⎞

⎛

⎟
⎜ C1 ⎟
⎟
⎟
⎜
⎟
⎜ D1 ⎟
⎟
⎟
⎜
⎟
⎟ = M1 ⎜
⎟
⎜ 0 ⎟
⎟
⎟
⎜
⎠
⎠
⎝
0

(3.85)

Layer m (1<m<N+1):
⎛

(m)
Ez

⎜
⎜
⎜ −iHz(m)
⎜
⎜
(m)
⎜
⎜ Eθ
⎝
(m)
−iHθ
Layer N+1:

⎛

(N +1)
Ez

⎜
⎜
⎜ −iHz(N +1)
⎜
⎜
⎜ E (N +1)
⎜
θ
⎝
(N +1)
−iHθ
where

⎞

⎛

⎞

⎟
⎜ Cm
⎟
⎜
⎟
⎜ Dm
⎟
⎜
⎟ = Mm ⎜
⎟
⎜ C
⎟
⎜ m
⎠
⎝

Dm
⎞

⎛

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(3.86)

⎞

⎟
⎜ 0 ⎟
⎟
⎟
⎜
⎟
⎜ 0 ⎟
⎟
⎟
⎜
⎟
⎟ = MN +1 ⎜
⎟
⎜ E ⎟
⎟
⎟
⎜
⎠
⎠
⎝
F

⎛

(3.87)

⎞

0
⎜ Jν (p1 r)
⎜
⎜
0
Jν (p1 r)
⎜
M1 (r) = ⎜
⎜ − βν J (p r) ωμ0 J  (p r)
⎜ p21 r ν 1
p1 ν 1
⎝
2
n1 0 ω 
Jν (p1 r) − pβν
2 r Jν (p1 r)
p1
1

0 0 ⎟
⎟
0 0 ⎟
⎟
⎟
0 0 ⎟
⎟
⎠
0 0

(3.88)
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⎛

⎞

Jν (pm r)
0
Yν (pm r)
0
⎜
⎜
⎜
0
Jν (pm r)
0
Yν (pm r)
⎜
Mm (r) = ⎜
⎜ − βν J (p r) ωμ0 J  (p r) − βν Y (p r) ωμ0 Y  (p r)
⎜ p2m r ν m
pm ν m
p2m r ν m
pm ν m
⎝
2
2
nm 0 ω 
nm 0 ω 
Jν (pm r) − pβν
Yν (pm r) − pβν
2 r Jν (pm r)
2 r Yν (pm r)
pm
pm
m

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

m

(3.89)
for guided wave or
⎛
⎜
⎜
⎜
⎜
Mm (r) = ⎜
⎜
⎜
⎝

⎞
Iν (qm r)

0

Kν (qm r)

0

⎟
⎟
⎟
0
Iν (qm r)
0
Kν (qm r)
⎟
⎟
⎟
βν
ωμ0 
βν
ωμ0

I
(q
r)
−
I
(q
r)
K
(q
r)
−
K
(q
r)
⎟
m
ν m
2 r ν
2 r
ν m
qm
qm ν m
qm
qm
⎠
2
2
nm 0 ω 
nm 0 ω
βν
βν

− qm Iν (qm r) q2 r Iν (qm r) − qm Kν (qm r) q2 r Kν (qm r)
m
m
(3.90)

for evanescent wave;
⎛

⎞
0 0

Kν (qN +1 r)

0

⎜
⎜
⎜ 0 0
0
Kν (qN +1 r)
⎜
MN +1 (r) = ⎜
βν
⎜ 0 0
0
K (q
r) − qωμ
Kν (qN +1 r)
2
⎜
qN
r ν N +1
N +1
+1
⎝
n2 0 ω
0 0 − qN1 +1
Kν (qN +1 r) q2βν r Kν (qN +1 r)

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(3.91)

N +1

In order to satisfy the electromagnetic boundary conditions, all these four components must be continuous at the boundary between adjacent layers:
⎛
⎜ Cm
⎜
⎜ Dm
⎜
Mm (rm ) ⎜
⎜ C
⎜ m
⎝

Dm

⎞

⎛

⎜ Cm+1
⎟
⎜
⎟
⎜ Dm+1
⎟
⎜
⎟
⎟ = Mm+1 (rm ) ⎜
⎜ C
⎟
⎜ m+1
⎟
⎝
⎠

Dm+1

⎞
⎟
⎟
⎟
⎟
⎟ , m = 1, 2, · · · , N − 1
⎟
⎟
⎠

(3.92)
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⎛
⎜ Cm
⎜
⎜ Dm
⎜
Mm (rm ) ⎜
⎜ C
⎜ m
⎝

Dm

⎞

⎛

⎞

⎜ 0 ⎟
⎟
⎟
⎜
⎟
⎜ 0 ⎟
⎟
⎟
⎜
⎟
⎟
⎟ = MN +1 (rm ) ⎜
⎜ E ⎟
⎟
⎟
⎜
⎟
⎠
⎝
⎠
F

(3.93)

where rm is the radius at the m’th boundary. Thus we can write
⎛

⎞

⎜ C1 ⎟
⎜
⎜
⎜
⎟
⎜ D1 ⎟
⎜
⎜
⎜
⎟
−1
−1
=
M
M1 (r1 ) ⎜
(r
)M
(r
)
·
·
·
M
(r
)M
(r
)M
(r
)
⎟
2 1
2
m N −1
m
N +1 m ⎜
2
m
⎜ 0 ⎟
⎜
⎜
⎜
⎟
⎝
⎝
⎠
0
⎞
⎛
⎜ 0 ⎟
⎟
⎜
⎜ 0 ⎟
⎟
⎜
=M⎜
⎟
⎜ E ⎟
⎟
⎜
⎠
⎝
F

0 ⎟
⎟
0 ⎟
⎟
⎟
E ⎟
⎟
⎠
F

⎛

⎞

(3.94)
where
−1
M = M2 (r1 )M2−1 (r2 ) · · · Mm (rN −1 )Mm
(rN )MN +1 (rN )

(3.95)

This can be rewritten as
⎞⎛

⎛
Jν (p1 r1 )
0
⎜
⎜
⎜
0
Jν (p1 r1 )
⎜
⎜
⎜ − βν J (p r ) ωμ0 J  (p r )
⎜ p21 r1 ν 1 1
p1 ν 1 1
⎝
n21 0 ω 
Jν (p1 r1 ) − pβν
2 r Jν (p1 r1 )
p1
1
1

−M13 −M14 ⎟ ⎜
⎟⎜
⎜
−M23 −M24 ⎟
⎟⎜
⎟⎜
⎜
−M33 −M34 ⎟
⎟⎜
⎠⎝
−M43 −M44

⎞
C1 ⎟
⎟
D1 ⎟
⎟
⎟=0
E ⎟
⎟
⎠
F

(3.96)

In order to have nontrivial solution the determinant of the matrix must be zero.
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Therefore, β and hence nef f can be solved from the equation:
Jν (p1 r1 )

0

−M13 −M14

0

Jν (p1 r1 )

−M23 −M24

− pβν
2 r Jν (p1 r1 )
1

ωμ0 
J (p r )
p1 ν 1 1

−M33 −M34

1

n21 0 ω 
Jν (p1 r1 )
p1

=0

(3.97)

− pβν
−M43 −M44
2 r Jν (p1 r1 )
1
1

Once β is known, it is straight forward to calculate the ﬁeld coeﬃcients. First,
C1 , D1 , E and F are solved from equation (3.96). Then the coeﬃcients for other
layers can obtained by
⎛

⎞

⎜
⎜ Ci ⎟
⎜
⎟
⎜
⎜
⎜ Di ⎟
⎜
⎟
⎜
−1
−1
⎟ = Mi (ri−1 )Mi−1 (ri−1 ) · · · M2 (r1 )M1 (r1 ) ⎜
⎜
⎜
⎜ C ⎟
⎜
⎜ i ⎟
⎝
⎠
⎝

Di

C1 ⎟
⎟
D1 ⎟
⎟
⎟
0 ⎟
⎟
⎠
0

⎛

⎞

(1 < i < N + 1)

(3.98)
Thus the ﬁeld distributions in diﬀerent layers can be calculated using equations
(3.85) to (3.87). The Poynting ﬂux in the mth layer is given by
1
Sz (m) = Re[Er (m)Hφ (m)∗ − Eφ (m)Hr (m)∗ ]
2

(3.99)

The radial components can be calculated using the transverse-longitude relationship (3.54) to (3.57). For the convenience of programming they are listed together
with the azimuthal components:
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The total power carried by certain mode is

P =

r1

1
Re[Er (1)Hφ (1)∗ − Eφ (1)Hr (1)∗ ]2πrdr
2
0
m  rm

1
Re[Er (m)Hφ (m)∗ − Eφ (m)Hr (m)∗ ]2πrdr
+
(3.103)
2
k=2 rN −1
 +∞
1
Re[Er (N + 1)Hφ (N + 1)∗ − Eφ (N + 1)Hr (N + 1)∗ ]2πrdr
+
2
rm

Including the optical loss
In the above formulation it is assumed that all the layers are made of perfectly
transparent materials with no loss. In real devices there are many cases where the
optical losses need to be considered, such as the ﬁnite absorption in ITO layers or
metal layers and the scattering loss in polymers. These losses can be included into
the model by including the imaginary part of refractive index:
nm = nm + inm

(3.104)

where m denotes the layer number. Accordingly, the eﬀective refractive index will
be generally also a complex number:
nef f = nef f + inef f

(3.105)
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Therefore, the complex eigen equation can be separated into two real equations
involving the real and imaginary parts:
E(nef f ) = R(nef f , nef f ) + iI(nef f , nef f ) = 0

(3.106)

R(nef f , nef f ) = 0

(3.107)

I(nef f , nef f ) = 0

(3.108)

R2 (nef f , nef f ) + I 2 (nef f , nef f ) = 0

(3.109)

and hence

or equivalently

The numerical methods used for solving the eigen equation in the lossless case
cannot be directly applied to solve this equation as two variables are involved. On
the other hand, solving equation (3.109) is equivalent to solving the minimization
problem
min(R2 + I 2 )

(3.110)

since R2 + I 2 is non-negative. This minimization problem can be easily solved
using the global optimization programs provided by many standard computational
packages (e.g. in Matlab).

3.3

Results of computer simulation of LPG

The tunable LPG under consideration has six layers (Figure 3.3), namely, core,
cladding, ITO inner electrode, polymer, metal outer electrode, and the external
medium. However, since the polymer thickness is quite large so that the intensity
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of light decreases to nearly zero at the outer diameter of the polymer, I omit the
metal layer and the external medium and treat the polymer layer as inﬁnitely
thick, which signiﬁcantly reduced complexity of simulatio while still maintain the
key features of the model and the basic physics. Therefore, a four-layered structure
is used in the computer simulation (Figure 3.4).

Figure 3.4. The cross-sectional view of the 4-layered ﬁber structure used in the computer simulation.

The model described in last section is capable of calculating the entire transmission spectrum of an LPG which shows the notch that is induced by coupling
(Figure 3.5). In the design of tunable LPG we are interested in resonance wavelength shift Δλ0 and transmittance T at resonance wavelength which is related
to the depth of the notch. Therefore, we are interested in the eﬀective index
of cladding mode ncl
ef f and the coupling coeﬃcient κ between core and cladding
modes, because they are related to Δλ0 and T by

Δλ0 = −Δncl
ef f Λ

(3.111)
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Figure 3.5. An example of the calculated transmission spectrum of an LPG, showing
some critical parameters of the LPG: resonance wavelength (λ0 ), notch depth (ΔT), and
bandwidth (Δλ).

and

T = cos2 (κL)

(3.112)

which are derived from equations (3.4) and (3.50). Here L is the length of the
grating. Eﬀective index of core mode doesn’t appear in these equations because
the energy of core mode in polymer layer is essentially zero and we can assume
that the core mode is completely not aﬀected by the refractive index change. It
should be noted that the above two equations are approximate. Precise value
of the center wavelength and depth of the notch should be found by calculating
the entire transmission spectrum, which is much more time consuming. However,
as will be discussed later, even if the simulation itself is completely precise, the
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uncertainties in material parameters will cause errors. Therefore, we focus on the
eﬀects of various device parameters on the tuning and mechanisms of such eﬀects
rather than exact values in the simulation. In this sense, the above two expressions
provide enough information yet are relatively fast to calculate.
It should be also mentioned that the formulation developed here has assumed
perfect periodicity of the grating. This is an ideal case since real gratings always
have ﬁnite length. However, we expect that the error introduced by this issue will
be small as long as the number of periods in the grating is not too small.
Since only cladding modes with ν = 1 has non-zero coupling coeﬃcients, we
neglect ν in the designation of mode number and denote the modes with a single
number.

A summary of simulation results
Table 3.1 lists the parameters used in the simulation as well as the core mode
eﬀective index and self-coupling coeﬃcient which are constants in our discussion
here. Here τ co−co denotes the self-coupling coeﬃcient of the core mode and the
fringe modulation in the grating corresponds to the parameter m in equation (3.31)
and is related to the maximum refractive index change Δn in the grating by Δn =
2mnco .
Strictly speaking, ITO is not perfectly transparent and has certain optical loss.
The exact value of imaginary part (n ) of refractive index of ITO depends on the
deposition condition. Under the conditions used in our experiment, n is smaller
than 0.01 [32]. We calculated the diﬀerence between the LPG parameters when
n = 0 and n = 0.01 (Figure 3.6) [28]. The parameters used in simulation
are: cladding diameter 35μm, ITO thickness 50nm, ITO refractive index 1.8. It
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Parameter
Value
Wavelength
1550nm
Core diameter
8.3μm
Core index
1.4491
Cladding diameter
varies
Cladding index
1.4441
ITO thickness
varies
ITO index
varies
Fringe modulation 3.5×10−4
nco
1.446107
ef f
co−co
τ
780.5 m−1
Table 3.1. The parameters used in simulation and the calculated parameters of core
mode.

is evident that optical loss in ITO with n = 0.01 has negligible eﬀect on the
eﬀective refractive index of cladding modes. On the other hand, the attenuation
of cladding mode induced by the loss in ITO is rather signiﬁcant. For instance,
taking the typical value for Im(nef f ) of 0.0001 the attenuation factor for an LPG
(length L=8mm) at 1550nm wavelength is exp[Im(nef f ) 2π
L] ≈ 25. However, since
λ
the attenuation of cladding mode does not signiﬁcantly aﬀect the eﬀective index,
in the following discussion of tuning the eﬀect of non-zero n can be neglected.
Therefore, in the following simulations ITO is treated as a perfectly transparent
layer.

48

(a) Re(nef f ), 1st mode

(b) Im(nef f ), 1st mode

(c) Re(nef f ), 2nd mode

(d) Im(nef f ), 2nd mode

(e) Re(nef f ), 3rd mode

(f) Im(nef f ), 3rd mode

Figure 3.6. The eﬀect of the imaginary part of ITO refractive index (n ) on the real
and imaginary parts of the eﬀective refractive index of the 1st to 3rd cladding modes.
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The eﬀect of ITO thickness on the eﬀective refractive indexes and coupling
coeﬃcients of the ﬁrst to third cladding modes are summarized in Figure 3.7. For
a grating with period of 400μm, using equation (3.3) we can derive two rule-ofthumbs:
• Δncl
ef f = 0.0001 corresponds to wavelength shift of 40nm
• Resonance wavelengths of 1550nm corresponds to ncl
ef f = 1.442232
The parameters used in simulation are: cladding diameter 40μm, ITO refractive
index 1.8. For all the ITO thicknesses, nef f show a common trend that it increases
slowly with polymer refractive index npoly when npoly is low, but increases much
faster when npoly is large. Without ITO (0nm), the nef f curve is almost ﬂat up
to npoly ∼ 1.44 but increases dramatically when npoly is close to ncl = 1.444.
This means large tuning can be only achieved at very close to ncl . However, as
shown in Figures 3.7b,d,f, at close to ncl the coupling coeﬃcient κ also changes
dramatically with npoly , which means when the resonance wavelength is shifted the
notch depth will change a lot, which is certainly undesirable. With increasing ITO
thickness, nef f increases more uniformly over the entire range of npoly and much
faster comparing to the ﬂat curve portion in the non-ITO case. The increased
thickness of ITO also eﬀectively shifts the entire curve to lower polymer index.
Furthermore, turn points can be observed in the κ-npoly curves. For instance, in
Figure 3.7f κ varies slowly with npoly near point B. On the other hand, near point
A in Figure 3.7e which corresponds to the same npoly and ITO thickness as point
B, ncl
ef f still changes fast with npoly . This means that large tuning can be achieved
while maintaining a small variation of notch depth. This is important for tunable
LPGs and is a unique feature brought by the ITO layer. According to equation
(3.4), at point A (ITO thickness 70nm, npoly = 1.42) Δnpoly = 0.004 is required to
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achieve tuning range of 40nm. This refractive index change is readily achievable
by P(VDF-TrFE-CFE) terpolymer.
The eﬀect of the refractive index of ITO on eﬀective index and coupling coeﬃcient is illustrated in Figure 3.8. The parameters used in simulation are: cladding
diameter 40μm, ITO thickness 50nm. Generally speaking, the eﬀects of ITO refractive index and ITO thickness are very similar. This can be understood by the
fact that qualitatively speaking, it is the optical thickness (product of thickness
and refractive index) rather than thickness or refractive index itself that determines
the eﬀect of ITO on ﬁber modes.
The eﬀect of the diameter of ﬁber on eﬀective index and coupling coeﬃcient
is illustrated in Figure 3.9. The parameters used in simulation are: core diameter
8.3μm, ITO thickness 50nm, ITO refractive index 1.8. The range of diameter
under investigation is much smaller than the original diameter of ﬁber (125μm).
This is because the tuning range of LPGs with reduced diameters is much larger
than those with large diameters [7]. Simulation results show that the major eﬀect
of increasing diameter is to increase the eﬀective index and decrease the coupling
coeﬃcient. The curves almost do not shift in the horizontal direction (along the
npoly axis) and the shape of curves is essentially unaﬀected. Therefore, the eﬀect
of cladding diameter on tuning characteristics of LPG is much smaller comparing
to ITO thickness and refractive index.
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(a) nef f , 1st mode

(b) κ, 1st mode

(c) nef f , 2nd mode

(d) κ, 2nd mode

(e) nef f , 3rd mode

(f) κ, 3rd mode

Figure 3.7. The eﬀect of ITO thickness on the eﬀective refractive index and coupling
coeﬃcient for the 1st to 3rd cladding modes.
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(a) nef f , 1st mode

(b) κ, 1st mode

(c) nef f , 2nd mode

(d) κ, 2nd mode

(e) nef f , 3rd mode

(f) κ, 3rd mode

Figure 3.8. The eﬀect of ITO refractive index on the eﬀective refractive index and
coupling coeﬃcient for the 1st to 3rd cladding modes.
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(a) nef f , 1st mode

(b) κ, 1st mode

(c) nef f , 2nd mode

(d) κ, 2nd mode

(e) nef f , 3rd mode

(f) κ, 3rd mode

Figure 3.9. The eﬀect of the diameter of the cladding layer on the eﬀective refractive
index and coupling coeﬃcient for the 1st to 3rd cladding modes.
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3.4

Discussion of simulation result and Conclusions

Discussions of the eﬀect of ITO layer on the enhancement
of tuning
In order to understand the origin of ITO eﬀect, it is necessary to take a closer
look at the orders of cladding modes in the above simulations. The mode orders
are designated according to the eﬀective refractive index of the modes in a descending order (Figure 3.10). In the simulations the mode orders are designated
for npoly = 1. However, as npoly increases nef f may exceed ncl which means light
in the cladding layer is in the form of evanescent wave. These modes are called
ITO modes hereafter as in this case nef f is smaller than ITO index and is larger
than the refractive indexes of cladding and polymer. The orders of ITO modes
are counted upwards from ncl and take negative values. Therefore, the original 1st
order mode for npoly = 1 becomes order -1 when its nef f exceeds ncl , and order 2
becomes order 1, and so on. When npoly further increases so that the originally
2nd mode for npoly = 1 becomes ITO mode, the corresponding mode orders of the
modes will be -2, -1, 1, · · · . It has been pointed out by several authors that this
mode transition behavior is the origin of ITO eﬀect in tunable LPGs [33].
The ﬁeld intensity distributions of various cladding modes in an LPG are shown
in Figure 3.11. The parameters used in the simulation are: ITO thickness 50nm,
ITO refractive index 1.8, cladding diameter 40μm. A distinct eﬀect of the ITO is
that it attracts light and increases the intensity at the cladding-polymer boundary and in polymer. Using perturbation theory, the variation of the propagation
constant of mode due to the change of material refractive index can be expressed
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Figure 3.10. The designation of mode orders. The “guided” cladding modes (nef f <
ncl ) have positive orders and the “evanescent” cladding modes (nef f > ncl ) have negative
orders.

as [34]

δn2ef f =

δn2 |E|2 dA
|E|2 dA

(3.113)

In the tunable LPG under consideration, δ = 0 only in polymer. Therefore,
in order to achieve more eﬃcient tuning it is desired that more light energy is
contained in the polymer.
The reason why ITO increase light intensity in polymer is that ITO has a
refractive index which is higher than both of its adjacent layers (namely, cladding
and polymer). Therefore, the cladding-ITO-polymer structure is itself another
asymmetric waveguide. Comparing to ﬁbers without ITO layer where there is only
one waveguide structure (the core-cladding structure), in this double waveguide
structure certain amount of light is attracted by the second waveguide formed
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by ITO. When the refractive index of polymer is high enough, light begins to be
guided in the second waveguide and becomes the ITO mode. This is evident in
Figures 3.11, where for large polymer refractive indexes (e.g. npoly > 1.426) there
is a peak of intensity distribution at the ITO layer, which is a clear indication of
guiding.
It should be noted that although ITO layers forms part of another waveguide
structure and the so-called ITO mode is considered here, light energy contained
in ITO layer is very small comparing to cladding and polymer layers due to the
extremely small thickness of ITO. Furthermore, the ITO mode never contribute
to the notch in the transmission spectrum. This is because for ITO modes we
always have nef f > ncl = 1.4441, which corresponds to resonance wavelength of
shorter than 800nm which is far from the wavelength range that we are interested
in (roughly 1300nm to 1700nm).
The double waveguide structure that induces redistribution of light energy in
the ﬁber also aﬀects the coupling coeﬃcient. The coupling coeﬃcient is given by
equation (3.40):

co−cl
τ01−1ν

=

ω0 n20 σπ


0

r1

rdr(Ercl Erco∗ + Eφcl Eφco∗ )

(3.114)

Since core mode is independent of polymer refractive index, the variation of
coupling coeﬃcient is due to the change of the portion of energy of cladding mode
contained in the core. As shown in Figure 3.11c, as the polymer refractive indexes
increases the intensity of cladding mode in core ﬁrst increased and then decreased.
Therefore, it reaches an extreme point which corresponds to the turn-point in Figure 3.7. Around the extreme point the variation of coupling coeﬃcient is relatively
small since the curve is ﬂat. The existence of both increasing and decreasing por-
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tions in the κ − npoly curves can be qualitatively understood in the viewpoint of
optical resonators. In the cross-section of the ﬁber, the two waveguide structures
mentioned above (the core-cladding and cladding-ITO-polymer structures) can be
viewed as two resonators. As the polymer refractive index increases, the phase
retardation of light associated with the latter resonator also gradually changes
until the resonance condition will be achieved. At this point the Q value of this
resonator is maximum and it attracts most energy from the core. This corresponds
to the case where κ decreases with increased npoly . When npoly further increases,
the resonator leaves its resonance condition and the Q value decreases, and hence
it will store less energy and more energy will be “returned” to the core. Therefore,
κ increases with npoly . This kind of behavior is not exhibited by LPGs without the
high refractive index interlayer because in that case there will be only one resonator
(core-cladding) and the competing between resonators cannot be observed.
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(a) With ITO, 1st mode

(b) Without ITO, 1st mode

(c) With ITO, 2nd mode

(d) Without ITO, 2nd mode

(e) With ITO, 3rd mode

(f) Without ITO, 3rd mode

Figure 3.11. Radial distribution of ﬁeld intensity of the 1st to 3rd cladding modes in
an LPG.
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Conclusions on the simulation of tunable LPG
The simulation results show that ITO layer eﬀectively enhances the tuning range
of the tunable LPG while maintaining a small variation of notch depth. It is also
demonstrated theoretically that with the achievable refractive index change in the
terpolymer the desired tuning range of 40nm can be achieved. The simulation
suggests that ﬁrst of all, the combination of ITO refractive index and thickness
and cladding diameter should be such that the native refractive index of the terpolymer corresponds to the npoly that shows large tuning range and small variation
of notch depth around the desired resonance wavelength (around 1550nm). Furthermore, the modulation depth of the grating should result in deep notch at the
resonance wavelength. The best condition will be determined by trial-and-error in
experiments with the simulated curves as a guide.

Chapter

4

EXPERIMENTAL REALIZATION
OF THE TUNABLE LONG-PERIOD
FIBER GRATING
4.1

Introduction

In order to experimentally realize the E-O tunable LPG with more than 40nm of
tuning range which is predicted to be possible by simulation, a fabrication process
must be developed. Furthermore, in the simulation we have seen that the nef f vs.
npoly and κ vs. npoly curves are very important for the design of tunable grating.
Therefore, these relationships should be also measured experimentally to help determine the best parameters for the LPG. This chapter is organized as follow. The
complete fabrication process of the tunable LPG will be ﬁrst presented. After that,
the transmission spectrum of bare LPGs (without polymer coating) immersed in
diﬀerent index matching ﬂuids will be presented, which provide experimental data
of the variation of resonance wavelength and notch depth with polymer refractive
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index. In this experiment, it has been found that in order to achieve the desired
tuning range the native refractive index of the terpolymer must be increased by
at least 0.02. Therefore, the third section will be devoted to the development of
a nanocomposite of the terpolymer which exhibit large E-O eﬀect and adjustable
native refractive index will be discussed. Finally, the experimental realization of
E-O tunable LPG with about 50nm of tuning range will be demonstrated.

4.2

Fabrication process for the tunable longperiod grating

The general fabrication process involves several steps:

1. Fiber etching
2. Writing gratings
3. ITO deposition
4. Polymer coating
5. Metal deposition
6. Wiring

The photosensitive ﬁber
In order to fabricate ﬁber gratings, it is necessary to induce periodic refractive
index change in the ﬁber. There are several diﬀerent methods to induce refractive
index change in the ﬁber. One method is to use UV irradiation on photosensitive
ﬁbers which refractive index can be changed by exposure to UV irradiations. The
photosensitivity can be induced by doping of impurities or hydrogen loading [35,
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36]. Another method is to utilize thermal eﬀects generated by CO2 laser or electric
arcs on ﬁbers [37].
UV irradiation of doped photosensitive ﬁber has been used as the grating fabrication method in this study. The ﬁber is F-SBG-15 single mode photosensitive
ﬁber (purchased from Newport). The core of this ﬁber is doped with Ge and B.
Ge doping in silica ﬁber increases the refractive index of the ﬁber and also induces
photosensitivity. The Ge defects in silica usually have a Ge atom coordinated
with another Ge or Si atom. This bond is responsible for the absorption peak at
around 240nm wavelength. Upon UV irradiation, this bond readily breaks and it
is believed that this causes reconﬁguration of the shape of the molecule, change in
the density of material, and also the absorption. These eﬀects causes the refractive index change [35]. On the other hand, boron doping reduces the refractive
index of the ﬁber. Therefore, co-doping of germanium and boron allows for high
germanium content with overall refractive index that is similar to normal single
mode ﬁbers. The maximum increase of refractive index in the B-Ge co-doped ﬁber
can be close to 10−3 . Some characteristics of the F-SBG-15 ﬁber is summarized in
Table 4.1. It is noteworthy that the refractive index proﬁle in the B-Ge co-doped
core isn’t an ideal uniform distribution but is as shown in Figure 4.1
Operating wavelength (nm)
Index proﬁle
Core index
Cladding index
NA
Core diameter (μm)
Cladding diameter (μm)
Background loss (dB/km)
Cut-oﬀ wavelength (nm)

1550
Step
1.4491 (@1550nm)
1.4441 (@1550nm)
0.12-0.14
8.3
125±1
≤100
1100-1260

Table 4.1. The properties of the F-SBG-15 photosensitive ﬁber
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Figure 4.1. The typical refractive index proﬁle in the core of B-Ge co-doped photosensitive ﬁber. Adapted from [35].

Fiber etching
The ﬁrst step in the fabrication of the tunable LPG is to reduce the cladding
diameter from its original value of 125μm down to about 40μm. The purpose
of reducing the cladding diameter is to increase the sensitivity of the cladding
mode parameters to the refractive index of the polymer second cladding [7]. The
reduction of cladding diameter is realized by etching in hydrogen ﬂuoric acid (HF).
Before etching the plastic jacket (which is made of acrylic for the F-SBG-15 ﬁber) is
ﬁrst stripped using a ﬁber stripper. In case the jacket is diﬃcult to strip, such as for
short segment of ﬁber, the jacket can be ﬁrst immersed in acetone or concentrated
sulfuric acid for several minutes and then the stripping will be very straightforward.
The etching solution is prepared by mixing hydrogen ﬂuoric acid (assay 50%, from
JTBaker) and D.I. water with mixing ratio of 1:1 or 1:2. It takes approximately
80min to 120min to etch the ﬁber down to 40μm, depending on the concentation of
the HF solution. In order to precisely control the diameter, the ﬁber is taken out
several times during the etching to perform diameter measurements. The diameter
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is measured using an optical microscope.

Grating writing
After etching, long-period grating is written in the ﬁber using UV irradiation.
The ﬁber is ﬁxed on a stage and an amplitude mask is positioned in front of the
ﬁber. The mask is made of chromium and the typical period is between 200μm
and 500μm. The UV irradiation is produced by a frequency doubled argon laser
at 244nm. A mirror attached to a computer controlled translation stage is used to
scan the laser beam over the mask. During the writing process, the transmission
of the ﬁber is real-time monitored using an optical spectrum analyzer (OSA).

ITO deposition
In order to apply electric ﬁeld to the polymer second cladding, electrodes are
required at the inner and outer sides of the polymer layer. The requirements on
the inner electrode is especially strict because it aﬀects the optical properties of
the ﬁber. First of all, it should be at least partly transparent so that the polymer is
not screened. Secondly, as indicated in the numerical simulation, a high refractive
index dielectric layer is essential for the tuning of LPG. Indium-tin oxide (ITO)
has been chosen as the inner electrode material for the tunable LPG.
A detailed review of ITO is provided in [38]. It has been pointed out that the
simultaneous occurrence of high optical transparency ( 90%) and electronic conductivity require the creation of electron degeneracy in wide-gap oxides (≥3eV) by
suitably introducing nonstoichiometry and/or appropriate dopants. Perfect stoichiometric oxides are either insulators or ionic conductors which is not interesting
for electronic applications due to the high activation energy required for ionic con-
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duction. The intrinsic bandgap of indium oxide (In2 O3 ) is about 3.5eV. In practice,
the deposited ﬁlms lack stoichiometry due to oxygen vacancies. At high vacancy
concentrations, an impurity band is formd and is overlapped with the conduction
band which produces a degenerate semiconductor. Tin has a valence number of 4
and hence when doped into indium oxide it act as an electron donor and increases
the carrier concentration. The carrier concentration in ITO can reach 1021 cm−3 ,
and at such concentration the carrier mobility is about 10cm2 /Vs. The mobility is
aﬀected by the morphology of ITO ﬁlms. For ITO ﬁlms deposited on silica which
is an amorphous material, it is expected that the conductivity is lower than that
deposited on single crystal substrates.
ITO can be deposited using a wide range of techniques such as vacuum evaporation, dc and rf sputtering, spray pyrolysis, chemical vapor deposition, and sol-gel
reactions [38]. In this study the ITO layer is deposited using rf magnetron sputtering of oxide targets (Anatech Hummer XII sputtering system) because of the easy
control of deposition parameters and the moderate cost of deposition equipment.
The properties of ITO ﬁlms depend on the deposition method in a complicated
manner. The eﬀect of sputtering condition on ITO properties has been investigated thoroughly in [32]. In our experiments, the sputtering has been performed
at room temperature using pure argon gas. The deposition pressure and power
were 5mTorr and 10W. Fiber is typically taped to a frame, and after sputtering
for one side the frame is ﬂipped over and sputtering is performed for the other
side using exactly the same conditions. This certainly does not produce a uniform
cylindrical coating of ITO on the ﬁber. However, it is observed in experiments that
this type of ITO coating is suﬃcient for the tunable LPG. During the deposition
of ITO on ﬁbers, a silicon wafer substrate was coated in the same chamber for
refractive index and thickness measurements. The refractive index was measured
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by an ellipsometer (Rudolph AutoEL II) equipped with a He-Ne laser (633nm),
and the thickness was measured using both the ellipsometer and a proﬁlometer
(Tencor Alpha-step 500). Under such deposition conditions, the refractive index
of ITO on Si substrate was 1.88 and the deposition rate was 1.1nm/min. The
resistivity of ITO on ﬁber is about 10−2 Ωcm. Comparing to the common reported
resistivity of 10−4 Ωcm this value is signiﬁcantly higher. This is perhaps mainly
due to the small thickness of ITO. It has been reported that when ITO thickness is
smaller than 50nm, the resistivity increases signiﬁcantly because of the formation
of non-continuous ﬁlms as in the case of metal ﬁlms [38].

Polymer deposition
The polymer layer need to be thicker than the penetration depth of light. For
instance, referring to Figure 3.11 it is seen that the ﬁeld intensity decays to nearly
zero at 5μm from the polymer-ITO boundary. Therefore, the polymer thickness
in the tunable LPG under investigation is at least 10μ to prevent leakage of light.
However, the polymer layer also cannot be too thick as otherwise the required
voltage will be too high. Therefore, the polymer coating process should produce
high quality polymer ﬁlms with the thickness of around 10μm on ﬁbers with typical
diameter of 40μm.
Considering the cylindrical geometry of ﬁber and the requirement of conformal
coatings, the most suitable coating method is dip-coating (Figure 4.2), in which
the ﬁber is ﬁrst immersed into a solution and then drawn out at a controlled
speed. Due to capillary forces a thin layer of solution will remain on the surface of
the ﬁber. After evaporation of solvent this layer will solidify and form a uniform
polymer coating on the ﬁber. The thickness of the liquid ﬁlm on a planar substrate
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Figure 4.2. The process of dip-coating. Addapted from [40].

drawn from solution is predicted by the Landau-Levich formula,

h̄∞ = 0.945lc Ca2/3

(4.1)

with
lc =

σ
,
ρg

Ca =

μU
σ

where ρ, μ, and σ are the density, viscosity, and surface tension of the ﬂuid, U
is the drawing speed, and g is the gravitation ﬁeld. Therefore, theoretically the
thickness of coating is controlled by the concentration of solution and drawing
speed.
Although dip-coating can readily coat high quality thin ﬁlm on ﬂat substrates,
there are some concerns with applying it on ﬁbers. A ﬁber has a cylindrical surface
and the radius of curvature is very small, which results in two problems. The ﬁrst
is that it is diﬃcult to obtain a thick coating. For instance, using the same drawing
speed, several microns thick ﬁlms can be coated on planar substrates or glass sticks
with large diameters (e.g. 5mm) while only nanometer sized ﬁlm can be obtained

68
on a ﬁber with 40μm diameter. This is because it is diﬃcult for the small capillary
force provided by the ﬁber surface to balance the large gravity force acting on the
solution. Another problem is the instability of solution ﬂow. Consider a ﬁber with
diameter of 40μm and a required coating thickness of 10μm, if 20% solution is
used, it can be estimated that right after drawn out of the solution, the diameter
of the ﬁber together with the solution on ﬁber surface will be 140μm. This means
the solution drawn together with ﬁber is essentially a stream of liquid rather than
a thin layer of liquid on substrate. It is well known that a long vertical column
of liquid may break into beads due to the Rayleigh instability, which is a result of
the surface tension of liquid. Indeed, the formation of beads has been observed in
our experiment.
In order to overcome these problems, the conventional dip-coating process
shown in Figure 4.2 has been modiﬁed as shown in Figure 4.3. In the modiﬁed setup, the solution is contained in a small die with a large opening on the top
and a small opening at the bottom (Figure 4.3). The ﬁber is directed through the
die and is drawn downwards. Therefore, gravity is now in the same direction of
drawing and much thicker ﬁlms can be readily obtained with low drawing speed.
The low drawing speed allows for the solvent to evaporate suﬃciently, and the
evaporation speed can be increased by the heating elements. Therefore, the solution can solidify quickly enough to prevent the onset of Rayleigh instability. This
also prevents the solution from ﬂowing along the ﬁber which results in thickness
gradient.
The selection of solvent is critical in dip coating. The boiling points of some
common solvents for P(VDF-TrFE-CFE) terpolymer is shown in Table Ch3-table:
solvents. Solvents with low boiling points and high vapor pressures have high
evaporation rates. As discussed above, high evaporation rate is required to ensure

69

Figure 4.3. A modiﬁed process of dip-coating. [41]

Solvent
DMF
DMSO
NMP
MEK
Acetone
1,4-dioxane
cyclohexanone

Boiling point
(· C)
153
189
202
80
56.5
74
156

Vapor pressure
(mmHg)
2.7
0.42
0.5
78
400
27
5

Viscosity
(mPa s)
0.802
1.991
1.666
0.378
0.303
1.194
2

Surface tension
(mN/m)
36.4
43.0
40.7
23.7
22.7
32.8
35.0

Table 4.2. Properties of some solvents for P(VDF-TrFE-CFE) terpolymer. DMF: N,Ndimethylformamide; MEK: methyl ethyl ketone. Values are for 1 atm pressure and 25· C.
[39]

quick solidiﬁcation. However, a too high evaporation rate often results in the
formation of a polymer layer on the surface of coating solution. Therefore, methyl
ethyl ketone (MEK) has been selected as the solvent due to its moderately high
evaporation rate.
The concentration of P(VDF-TrFE-CFE)/MEK solution used in dip-coating
for the tunable LPG is 15% (polymer wt./solvent vol.). The resulting solution has
a very high viscosity. The ﬁber is drawn with an Instron machine and the typical
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drawing speed is 1mm/sec. This produces ﬁlm thickness of around 10μm.

Metal deposition and wiring
The outer electrode merely provides electrical conductivity and its optical properties do not aﬀect the performance of the tunable LPG. Sputtered gold or silver
(using EMITech K550X Sputter Coater) are typically used as outer electrodes since
they are among the easiest to be deposited and have very high conductivity. The
metal should cover the segment of ﬁber with the grating written in. Small part of
the polymer on ﬁber is then removed by acetone to expose the inner ITO electrode.
Metal wires are then connected to the electrodes using silver epoxy (VonRoll Isola,
E-Solder 3021A).
The microscopic images of etched ﬁber and polymer coated ﬁber and photographic picture of ﬁnally ﬁnished device are shown in Figure 4.4.
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(a) Ethed ﬁber

(b) Fiber coated with 10μm of polymer

(c) Finished device

Figure 4.4. The microscopic images of etched ﬁber and polymer coated ﬁber and
photographic picture of ﬁnally ﬁnished device
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4.3

Experiments with index matching ﬂuid

The numerical simulation of the LPG reveals that it is possible to achieve the
desired 40nm tuning using E-O eﬀect in P(VDF-TrFE-CFE) terpolymer if the terpolymer refractive index lies in certain range. However, it is expected that the
numerical simulation cannot be directly used to predict the device parameters due
to the uncertainties of material parameters used in the calculation, such as material dispersion, refractive index proﬁle of the ﬁber, etc. Therefore, the optimum
conditions for the tunable LPG that result in the widest tuning range need to
be determined by experiments. For this purpose, we have performed the index
matching ﬂuid test.
In order to measure the transmission spectrum of the LPG for diﬀerent values
of the refractive index in second cladding, LPGs (with or without ITO coating)
without polymer coatings were immersed into diﬀerent liquids with precisely known
refractive indexes. In this so-called index matching ﬂuid test, the refractive index
of the second cladding under which the LPG has the largest tunability can be
determined.
The index matching ﬂuids used in this experiment were purchased from commercial source(Cargille, Refractive Index Fluids). The LPG to be tested was laid
on a microscope slide and was monitored by an optical spectrum analyzer. The
transmission spectrum in air was ﬁrst recorded, and then diﬀerent index matching
ﬂuids were applied to cover the LPG and the spectrum was recorded. After testing with each refractive index the LPG was wiped and rinsed several times with
alcohol and acetone to ensure the air spectrum is recovered before continuing to
the next ﬂuid.
The transmission spectrum of bare LPGs without ITO coatings is shown in
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Figures 4.5a and 4.6a. As the refractive index of ﬂuid increases, the resonance
wavelength gradually shifts to shorter wavelengths. The wavelengths shifts faster
when the refractive index approaches that of the ﬁber cladding (1.444 @1550nm)
(Figure 4.8. Using Δn=0.01 as an estimation of the E-O eﬀect in the terpolymer,
it is evident from Figure 4.8 that the largest possible tuning range is 30nm. On the
other hand, as the refractive index increases the rejection level (i.e. depth of the
notch) decreases and ﬁnally approaches zero when the refractive index is close to
cladding index. Comparing Figures 4.5a and 4.6a, it can be found that reducing the
ﬁber diameter shifts the spectrum to longer wavelength and slightly increases the
tunability. All the above observations for LPGs without ITO coating are consistent
with the simulation result as well as other published results [7]. It is also noticed
that at very high ﬂuid refractive indexes such as 1.71 and 1.8 the notches can be
observed again. These notches are due to the coupling between core mode and the
leaky cladding modes [42]. When the refractive index of the ﬂuid exceeds that of
the cladding, total reﬂection can no longer at the cladding boundary. However,
when the ﬂuid index is high enough the reﬂection at the cladding-ﬂuid boundary
is high enough to support a leaky mode over certain distance. The resonance
wavelength of leaky mode induced notches can merely be tuned since in this case
changing the refractive index of the ﬂuid can only change the amplitude of the
reﬂected light and not the phase.
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(a) Without ITO

(b) With ITO

Figure 4.5. The transmission spectrum of LPGs with and without ITO coating immersed in diﬀerent index matching ﬂuids. Fiber diameter: 35μm; Grating period:
400μm; Grating length: 8mm. ITO thickness: 50nm; ITO refractive index (@1550nm):
1.8. The refractive indexes of the ﬂuids are for 589nm wavelength.
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The transmission spectrum of ITO coated LPG is shown in Figures 4.5b and
4.6b. It is obvious that ITO signiﬁcantly changed the tuning characteristics of
the LPGs. For low ﬂuid refractive indexes, the response of ITO coated LPG
is similar to that of the uncoated LPG and the resonance wavelength shifts to
shorter wavelength. However, the notch depth decreases to zero much earlier at
the ﬂuid refractive indexes. The exact value of this “transition index” at which the
notch disappears depends on the ﬁber and ITO parameters (e.g. 1.4 in Figure 4.5b
and 1.43 in Figure 4.6b.) When the refractive index of the ﬂuid further increases,
another notch appears at the long wavelength side of the measurement wavelength
window and shifts to shorter wavelength. This notch is shallow and shifts very fast
when the ﬂuid index is only slightly higher than the transition index. As the ﬂuid
index increases further, the notch becomes deeper and the resonance wavelength
approaches that of the same LPG in air. The highest tunability can reach 76nm
per 0.01 change in ﬂuid index, which is suﬃcient to realize the desired 40nm tuning
range with achievable E-O eﬀect in the terpolymer.
For a notch induced by the coupling to a speciﬁc cladding mode, the resonance
wavelength decreases with increasing ﬂuid index because the eﬀective index of the
cladding mode will increase. By comparing to the simulation results it can be
determined that the notch for ITO coated LPG in air is associated with the ﬁrst
cladding mode(Figures 3.7 and 3.8). At high ﬂuid indexes this notch shifts to very
short wavelength and its depth quickly decreases to nearly zero, and hence cannot
be observed in the measured spectrum. On the other hand, considering the eﬀective
refractive index of the third cladding mode (Figures 3.7 and 3.8) it is believed that
the new notch appearing at the long wavelength end of the measurement window
is due to the third cladding mode. This means the tunability is highest when the
mode transitioning happens, which is also consistent with the simulation result.
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Comparing Figures 4.5b and 4.6b, it is evident that for diﬀerent ﬁbers the
mode transitioning happens at diﬀerent ﬂuid indexes. However, it is not clear
whether such diﬀerence really results from the diameter diﬀerence or is due to
the variation of ITO parameters. As shown by simulation results, reducing the
diameter of ﬁber decreases the eﬀective index of the cladding mode. Therefore,
the resonance wavelength should shift to longer wavelength and the mode transition
should happen at higher ﬂuid indexes (Figure 3.9). However, in the index matching
ﬂuid test it was observed that for smaller ﬁber diameters the mode transition
happened at lower ﬂuid indexes. On the other hand, as shown in Figures 3.73.8 a small change in ITO refractive index or thickness will result in a signiﬁcant
change of resonance wavelength. Therefore, the experimentally observed diﬀerence
between diﬀerent ﬁbers may be due to the dependence of ITO coverage on ﬁber
diameter or even the batch-to-batch variation of the parameters of sputtered ITO.
It was also found that it was diﬃcult to reduce the mode transition index down
to the terpolymer refractive index (n=1.4) while achieving both high tunability
and acceptable notch depth. The lowest achieved index was approximately 1.42
(Figure 4.5). According to simulation, this refractive index can be lowered by
increasing ITO thickness. However, in the experiment it was found that for thick
ITO deep notch and wide tuning could not be achieved simultaneously. Perhaps
this is due to the increased total optical loss in thicker ITO ﬁlms which causes the
notch to become shallower.
The feasibility of using metal instead of ITO as the inner electrode has also
been studied (Figure 4.7). The refractive index of silver at 1550nm is n = 0.469 +
9.32i. It is evident in Figure 4.7 that the LPG coated with silver exhibited similar
response to those coated with ITO. More speciﬁcally, the mode transitioning also
happened and there is a range of ﬂuid index where the tunability is relatively large.
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For silver which is a metal, we expect that the transition of mode is also because
that the metal layer can itself guide light. However, in this case the mode is surface
plasmon like. In this study, metal coated LPGs were not extensively studied and
more detail about this kind of ﬁber gratings can be found in [43]. However, the
preliminary experiment result presented here indicates the potential of using metal
as inner electrodes in E-O tunable LPGs.
The conclusions drawn from the index matching test can be summarized as
follow.
1. Using the mode transition phenomenon in ITO coated LPG, it is possible to
realize the desired tuning range (40nm) with the achievable E-O eﬀect in the
terpolymer (>0.01).
2. The desired tuning range can only be achieved when the refractive index of
polymer is close to an “optimum index”.
3. The lowest experimentally achieved “optimum index” is around 1.42.
4. Preliminary results indicate that it is feasible to use metal instead of ITO as
inner electrode for tunable LPGs.
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(a) Without ITO

(b) With ITO

Figure 4.6. The transmission spectrum of LPG with and without ITO layer immersed
in diﬀerent index matching ﬂuids. Fiber diameter: 40μm.

79

Figure 4.7. The transmission spectrum of LPG with silver coating immersed in diﬀerent
index matching ﬂuids. Fiber diameter: 37μm.
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(a)

(b)

Figure 4.8. The tuning characteristic of LPGs obtained from Figures 4.5-4.7. (b) shows
the detail of (a) in a narrower refractive index range.
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4.4

Zinc sulﬁde - P(VDF-TrFE-CFE) nanocomposite with large E-O eﬀect and adjustable
native refractive index

Introduction
The P(VDF-TrFE-CFE) terpolymer exhibits a very large electro-optic (E-O) effect that is many times higher than most conventional E-O materials. However,
in order to achieve wide tuning range in an LPG the native refractive index of
the terpolymer must be close to an optimum index. For instance, index matching
ﬂuid test revealed that this optimum index is approximately 1.42, while the native refractive index of the P(VDF-TrFE-CFE) terpolymer is only 1.4. Therefore,
the terpolymer needs to be modiﬁed and the modiﬁed material must satisfy the
following requirements:
1. The refractive index must be increased by at least 0.02.
2. Large E-O eﬀect must be maintained.
3. The optical loss must be almost the same as the terpolymer.
The basic idea to increase the refractive index of the terpolymer is to introduce
another component with high refractive index. The refractive index of the resulting
heterogeneous material is estimated by eﬀective medium theory:
n2 − 1
n2a − 1
n2b − 1
=
f
+
f
a 2
b 2
n2 + 2
na + 2
nb + 2

(4.2)

where fa , fb , na and nb are the volume fractions and refractive indexes of the two
components and n is the refractive index of composite. In order to maintain large
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material
CdTe
GaAs
GaP
Ge
InAs
InSb
InP
PbSe
PbS
PbTe
Si
SiC
ZnS

wavelength (nm)
n
wavelength
625
2.873
1550
632.6
3.856
1550
630
3.3132
1600
635.8
5.5
1550
632.6
3.962
632.6
4.249
1550
639.1
3.530
1549
619.9
3.65
619.9
4.29
1500
1240
4.55
632.6
3.882
1532
619.9
2.634
1248
635.8
2.352
1550

n
2.7384
3.3737
3.0509
4.275
4.08
3.167
4.25
3.4784
2.573
2.2706

Table 4.3. Refractive indices of semiconductors at near-IR wavelengths [31].

E-O eﬀect, the volume percentage of the high refractive index component should be
minimized. Blending with other polymers is not applicable here because polymers
cannot achieve high refractive indexes (typically lower than 1.7) [45]. Similarly,
chemical modiﬁcations such as copolymerization and grafting are also not preferred
due to the low molar refractions of organic groups [46]. Therefore, perhaps the most
feasible approach is to develop nanocomposites with high refractive index inorganic
nanoparticles embedded in terpolymer matrix. Refractive indexes of higher than 2
are readily available in many inorganic materials and with such refractive indexes
only several volume percents of the high index material is required to achieve
n=1.42. A list of common high refractive index materials is provided in Table 4.3.
While the ﬁrst two requirements can be satisﬁed by proper material selection,
the requirement for low scattering is the most challenging in the preparation of
nanocomposites. The scattering loss of light is small only if the particle size is
much smaller than light wavelength, and in this case the scattering cross-section
σs of a single particle is proportional to a6 /λ4 where a is the diameter of particle
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and λ is the wavelength. Therefore, a small increase in particle size will induce a
large increase of scattering loss. Therefore, it is important to keep the particle size
much smaller than light wavelength.
Nanoparticles with sizes of several nanometers to tens of nanometers can be
easily synthesized. However, the nanoparticles have extremely large surface areas
and hence large agglomerations are often formed to minimize the total surface energy. This could result in particle size on the order of microns and induces very
large scattering loss. Two categories of methods can be used to avoid agglomeration. The ﬁrst are physical methods such as ultrasound treatment and ball milling
that mechanically break the agglomerations into small particles. The second are
chemical methods which mainly involves modiﬁcation of the surface of particles.
Both of these methods have been investigated in this study.

Synthesize of nanocomposite
The easiest method to disperse nanoparticles is to use ultrasound treatment. Here
titanium oxide (TiO2 ) have been chosen as the inorganic ﬁller due to its high
refractive index (n=2.2) and the wide availability of TiO2 nanoparticles. The
nanoparticles were in the form of dry powders and the powders were added into
terpolymer solution in MEK or DMF and the mixture was treated using a ultrasound probe. The power provided by the ultrasound probe was 15W. It was found
that ultrasound treatment could not produce good dispersion and precipitation
were observed soon after the ultrasound was turned oﬀ.
From a fundamental point of view, it is the surface and interfacial energies
of the two phases that determine whether a good dispersion of nanoparticles in
polymer matrix can be achieved. If the interaction between the two phases is weak

84
it is expected that large agglomeration will form to minimize the surface area of
the nanoparticles. On the other hand, if there is strong interaction between the
two phases, the interface area between the two material will be maximized and
hence good dispersion can be achieved. It is well known that ﬂuoropolymers show
poor adhesion to most substances and hence it is expected that the problem of
agglomeration will be serious. This is perhaps the reason for the poor result of
ultrasound assisted dispersion. Therefore, chemical method is preferred to prepare
the nanocomposite and indeed, most of the previously reported nanocomposites of
the terpolymer involve modiﬁcation of the surface of the particles that promotes
the interaction between the polymer matrix and the nanoparticles [47, 48].
There are two requirements for the chemical synthesis route of the nanocomposite. First of all, the solvent used in the synthesis must be able to dissolve the
terpolymer. Secondly, proper coupling agents must be found to modify the surface
of the nanoparticles and enhance the particle-polymer interaction. Recently, the
development of a high refractive index nanocomposite based on zinc sulﬁde (ZnS)
and polythiourethane (PTU) has been reported [49, 50]. Zinc sulﬁde has a high
refractive index (n=2.27 @ 1550nm) and is transparent from 400nm to 20μm [31].
Furthermore, the solvent used in the synthesis (DMF) is a good solvent for the
terpolymer. However, the particle-polymer interaction in the ZnS-PTU nanocomposite is provided by the copolymerization of the coupling agent and the polymer
matrix, which is not available in the terpolymer. In this study, we have investigated the preparation of ZnS-terpolymer nanocomposite with thiophenol (PhSH)
and methyl 3-mercaptopropionate (MMP) as the coupling agents (Figure 4.9. The
thiol groups in these molecules bond to zinc sulﬁde particles. It is expected that
the aromatic ring in PhSH will minimize the surface energy of the particles and
the carbonyl group in MMP will form hydrogen bonds with the terpolymer as in
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the case of PVDF-PMMA blends [51].

(a) PhSH

(b) MMP

Figure 4.9. Chemical formulas of the coupling agents used in the synthesis of ZnSterpolymer nanocomposite. (a) thiophenol (PhSH), (b)methyl 3-mercaptopropionate
(MMP).

In the experiment, 3.72g zinc acetate, 0.98g thiophenol, 0.6g MMP and 0.155g
triethylamine were dissolved in a ﬂask containing 40ml of DMF. The ﬂask was then
immersed in an ice bath and excess dry H2 S gas was introduced slowly into the
ﬂask. The resulting colorless transparent thiol capped ZnS colloid dispersion was
sealed in the ﬂask for future experiments. To fabricate nanocomposite ﬁlm, desired
amount of ZnS dispersion and terpolymer were added together into DMF; Then
the solvent was evaporated in vacuum to achieve a suitable viscosity; Finally the
solution was spin coated, dip coated or directly cast onto glass slide or silicon wafer,
followed by overnight curing in vacuum at room temperature. It is important to
keep the entire process in dry environment because the nanocomposite is highly
moisture sensitive.

Results
The refractive index of the ZnS-terpolymer nanocomposite has been measured by
an ellipsometer (Rudolph AutoEL II) equipped with a He-Ne laser working at
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633nm (Figure 4.10). The result shows that large change in the index can be readily realized by adding a relatively small amount of ZnS. The refractive index of the
nanocomposite can be controlled by the fraction of nanoparticles, and refractive
index of 1.5 can be reached with about 10 vol% of ZnS. The nanocomposite shows
a transmittance similar to the neat terpolymer in the visible and near-IR ranges
(Figure 4.11). The increased UV absorption is mainly due to the intrinsic absorption of ZnS. In addition, no particles were visible in the nanocomposites when
viewed with a high resolution scanning electron microscope, which again conﬁrms
a very low level of agglomeration. It should be noted that low moisture is critical
in the preparation of the nanocomposite. As shown in Figure 4.12, ﬁlms prepared
in dry condition is transparent while those prepared in relatively wet environment
are cloudy, which indicates a high level of scattering loss and the existence of large
agglomerates. The EO eﬀect of the nanocomposite was measured using a FabryPerot interferometry method (Figure 4.13) [4]. An optical path length change of
-1.7% at 4μm was achieved under electric ﬁeld of 45 V/μm in nanocomposite with
10.6 vol % of ZnS, which shows a 37% decrease compared to neat terpolymer [4].
Assuming that the ratios between the contributions of pure refractive index change
and dimension change are the same for neat terpolymer and nanocomposite, pure
index change is estimated to be Δn/n=-1.3%. We expect that the reduction in
E-O eﬀect is partly due to the pure volume eﬀects and partly due to the change in
the morphology of the terpolymer induced by the nanoparticles (e.g. crystallinity).
On the other hand, by comparing with index matching ﬂuid test, the E-O eﬀects
of the nanocomposite coated on ﬁber in the tunable LPGs are estimated to be
Δn/n=0.85% for 3 vol% ZnS under 50MV/m electric ﬁeld. Again the signs of the
refractive index changes are opposite, which is due to the mechanical boundary
conditions of the nanocomposite.
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Figure 4.10. The refractive index of the ZnS-terpolymer nanocomposite with diﬀerent
ZnS concentrations.

Figure 4.11. The optical loss of neat terpolymer and nanocomposite containing 10.6
vol% of ZnS. The thicknesses of both ﬁlms are 40μm.
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(a) 10vol% ZnS, 30μm, dry condition

(b) 5vol% ZnS, 30μm, wet condition

Figure 4.12. A comparison of nanocomposite ﬁlms prepared in (a) dry and (b) wet
environments.

Figure 4.13. Electric ﬁeld induced shift of Fabry-Perot interference pattern of the
nanocomposite ﬁlm containing 10.6vol% of ZnS. Film thickness: 40 μm. Curves have
been oﬀset for easier comparison. “∗” is marked to guide the fringe shift.
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4.5

Results of electrical tuning

The electrical tuning result of an LPG with neat P(VDF-TrFE-CFE) terpolymer
as the second cladding is shown in Figure 4.14. It can be seen that under electric
ﬁeld of 100MV/m the tuning range is only about 5nm. However, comparing to
index matching ﬂuid test results this already corresponds to a large refractive index
change of about 0.02 in the terpolymer. Comparing the transmission spectrum of
the tunable LPG with that of the same LPG before without polymer coating (in
air), it can be seen that the notch with terpolymer is to the left of that without
polymer, which means the notch is due to the ﬁrst cladding mode. As discussed
earlier, it is diﬃcult to induce large tuning using this mode.
Since the resonance wavelength shifts to shorter wavelengths as the electric
ﬁeld increases, the E-O eﬀect induces a positive change in the refractive index
of the terpolymer. In some early studies it has been discovered that the E-O
eﬀect in the terpolymer depends strongly on the mechanical boundary conditions
[4, 44]. Polymer ﬁlms without any mechanical constraint (free-standing ﬁlms)
show large negative refractive index changes, while ﬁlms on stiﬀ planar substrates
show smaller but positive index change. The ﬁlms on substrate experience partial
constraint that is in the horizontal directions. Therefore, it is expected that there
are possibly two diﬀerent mechanisms contributing to the E-O eﬀect that partly
cancel each other. One is related to dimensional change, and the other exists even
without dimensional change. Since the free-standing ﬁlms exhibit large negative
index change, we expect that the second mechanism is responsible for the positive
index change. Therefore, it is possible that completely clamping the terpolymer
can eliminate the canceling eﬀect due to dimensional change.
In order to completely clamp the terpolymer, a tunable LPG coated with neat
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terpolymer is further completely covered with epoxy. The epoxy is much thicker
and stiﬀer comparing to the terpolymer, and hence it is expected that the allowed
dimensional change of the terpolymer is nearly zero. The electrical tuning of the
epoxy covered LPG is shown in Figure 4.15. The achieved tuning range is 15nm,
which is two times larger than the tunable LPG without epoxy. Comparing the
spectrum in air and with terpolymer, the notch is also due to the ﬁrst cladding
mode. The large tuning range is partially due to the smaller diameter of the
ﬁber. However, it is not expected that the diameter change can result in a three
fold change of the tuning range referring to the index matching ﬂuid test and
simulation results. Therefore, it is believed that the E-O eﬀect is enhanced by
clamping the terpolymer. However, a reliable comparison between the electrical
tuning experiment and index matching ﬂuid test cannot be obtained. For instance,
in index matching ﬂuid test when the refractive index of ﬂuid increases the notch
due to the ﬁrst cladding mode always shifts to shorter wavelength and becomes
shallower. On the other hand, as shown in Figure 4.15, when electric ﬁeld increases
the notch also shifts to shorter wavelength but becomes slightly deeper. This
is perhaps due to some non-ideal factors associated with the polymer, such as
anisotropy. As a result, the precise refractive index change in the terpolymer has
not been determined.
Even the largest tuning range (15nm) achieved in tunable LPGs with neat
terpolymer is much smaller than the desired value of 40nm. This is because the
refractive index of the terpolymer (n≈1.4 @ 1550nm) is too low and hence the
LPG can only operate with the ﬁrst cladding mode. As pointed out by the index
matching ﬂuid test, in order to achieve the maximun tunability the native refractive
index of the terpolymer must be close to an optimum index which is slightly higher
than the mode transition index. More speciﬁcally, the refractive index of the
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terpolymer must be increased by at least 0.02 to reach such value. A nanocomposite
approach has been employed to increase the refractive index of the terpolymer while
maintaining high transparency and large E-O eﬀect. The nanocomposite consists of
terpolymer matrix and zinc sulﬁde (ZnS) nanoparticles with high refractive indexes
(n=2.27 @1550nm). The refractive index of the nanocomposite is determined by
the ratio between the terpolymer and ZnS. More details on the nanocomposite is
provided in the next chapter and here only the electrical tuning of LPGs based on
the nanocomposite will be discussed.
The electrical tuning results of LPGs based on nanocomposites are shown in
Figure 4.16. The refractiv e index of nanocomposites containing 3 v% ZnS is
1.42, which is close the optimum index of the LPG shown in 4.5. Indeed, under
electric ﬁeld of 50MV/m a large tuning range of 50nm has been achieved (Figure
4.16a), which is larger than the desired tuning range. If the refractive index of
the nanocomposite is further increased to 1.44 (Figure 4.16a), the tuning range
decreases again which corresponds to the high index region in Figure 4.5.
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Figure 4.14. The transmission spectrum of an E-O tunable LPG under diﬀerent applied electric ﬁelds. The E-O second cladding is P(VDF-TrFE-CFE) terpolymer. The
parameters of the LPG are: ﬁber diameter: 42μm; Grating period: 400μm; Grating
length: 8mm; ITO thickness: 50nm; ITO index: 1.8.
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Figure 4.15. The transmission spectrum of an E-O tunable LPG under diﬀerent applied
electric ﬁelds. The E-O second cladding is P(VDF-TrFE-CFE) terpolymer. The entire
device was embedded into epoxy. The parameters of the LPG are: ﬁber diameter: 35μm;
Grating period: 400μm; Grating length: 8mm; ITO thickness: 50nm; ITO index: 1.8.
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(a) 3vol% ZnS, n=1.42

(b) 10vol% ZnS, n=1.44

Figure 4.16. The transmission spectrum of an E-O tunable LPG under diﬀerent applied
electric ﬁelds. The E-O second cladding is nanocomposite of P(VDF-TrFE-CFE) terpolymer and zinc sulﬁde (ZnS). The parameters of the LPG are: ﬁber diameter: 35μm;
Grating period: 400μm; Grating length: 8mm; ITO thickness: 50nm; ITO index: 1.8.
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4.6

Discussions and Conclusions

The problem of notch depth
The realization of more than 40nm of tuning in E-O tunable LPGs relies on the
mode transitioning in ITO coated ﬁbers. As observed in both index matching
ﬂuid test and electrical tuning experiments, when close to transition the notches
shift fast but are generally shallow. The transmittance of LPG at the resonance
wavelength is given by
T = cos2 (κL)
where L is the length of the grating and κ is the coupling coeﬃcient between the
core and cladding modes. The coupling strength is in turn proportional to the
refractive index change in the grating. When fabricating the tunable LPG, the
grating is usually written in air and UV irradiation is stopped when a maximum
notch depth is achieved, which means κair L = π/2. However, when polymer or
nanocomposite is coated on the ﬁber the coupling coeﬃcient decreases and hence
the transmittance is no longer zero, resulting in a shallow notch. Therefore, one
strategy to increase the notch depth in the high tunability range is to vary the
refractive index change in the grating so that κL = π/2 in this range. An example is shown in Figure 4.17. The mode transition happens at about n=1.43 and
the tuning is most sensitive between about n=1.44 and n=1.45. These values are
larger than those for the LPGs shown in 4.6. Within the high tunability range
(i.e. around 1.44 to 1.45) the notch is deepest at n=1.448 (>20dB) and is shallower for both n=1.452 and n=1.444 (both >10dB). This clearly indicates that it
is possible to achieve wide tuning of deep notches. However, it has been diﬃcult to
realize such tuning electrically. The major reason is that it requires a terpolymer
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refractive index of around 1.44 (@1550nm) which corresponds to relatively high
concentration of ZnS in the nanocomposite. It is diﬃcult to incorporate nanocomposite with high ZnS content into tunable LPG while maintaining low scattering
loss in the nanocomposite using the current experiment equipment. Although electrical tuning using such high concentration has been demonstrated (Figure 4.16),
in that case the LPG is not operating near the mode transition point, and hence
the fraction of light energy contained in the nanocomposite is relatively small.
When operating close to the transition index much more light energy is contained
in the nanocomposite and hence the requirement for scattering loss is more strict.
Therefore, when the LPG as shown in 4.17 was coated with nanocomposite the
notch depth signiﬁcantly reduced. This is expected to be improved with better
control in the nanocomposite preparation procedures.

Figure 4.17. Index matching ﬂuid test result for an LPG showing high tunability and
deep notch depth. Parameters: Fiber diameter: 41μm; Grating period: 400μm; Grating
length: 8mm; ITO thickness: 50nm; ITO index: 1.8.

97

Non-ideal factors in fabrication
In the fabrication process there are certain non-ideal factors that make the parameters of the fabricated device deviate from the designed values. Some of the
major non-ideal factors are associated with the ITO properties. First of all, the
deposition process for ITO is very complicated and the properties such as deposition rate, refractive index, and optical loss strongly depend on the deposition
conditions. This could induce some batch-to-batch ﬂuctuations of ITO properties.
This kind of error can be minimized by precisely controlling all the deposition conditions. Secondly, during the ITO sputtering usually a batch of ﬁve or six ﬁbers
are processed simultaneously. Fibers placed at diﬀerent locations will have ITO
coatings with diﬀerent thicknesses due to the target-substrate distance and angle
diﬀerences. This problem is more serious if the target-substrate distance is small.
It is expected that the in-batch variation of ITO thickness is more serious than
the batch-to-batch variation in our experiment. This problem can be overcome by
using larger target-substrate distances.
Another source of experimental error is the diameter of ﬁber. In our experiments the ﬁber thickness was measured using both micrometer and optical microscope. It is estimated that the error associated with the measurement is ±1μm.
One of the methods to precisely measure the diameter of the ﬁber is using SEM
to image the cross-sectional of the ﬁber.
Finally, as discussed earlier the scattering loss in nanocomposite degrade the
notch bandwidth and depth of the LPG. The problem of nanocomposite preparation is to be discussed in the next chapter.
According to the simulation results, we expect that the diﬀerence of ITO thickness is the major cause of the ﬂuctuation of device performances because it directly
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aﬀects the mode transition index. The diameter of ﬁber aﬀects the resonance wavelength of the LPG and also slightly aﬀects the tunability of the LPG. The quality
of nanocomposite is the major concern for notch depth.

Conclusion and Future developments
The tunable LPG with more than 40nm of tuning range ﬁnd applications in optical
communication and sensing systems. However, the structures that enhanced the
tuning range are not only limited to LPGs but can be also applied to a wider range
of tunable optical devices that are based on waveguides. There are two concepts
that have been successfully demonstrated by the tunable LPG. First of all, eﬃcient
tuning can be realized “externally”, which means the guiding structure can still be
made of passive material with very high optical quality (e.g. fused silica) and the
active E-O materials serve as cladding layers that contain only evanescent waves.
In this way the requirement for the optical quality of the E-O material is much
looser and the deposition process of the E-O material can be much easier. Secondly,
it was shown that ITO interlayer with proper parameters can signiﬁcantly modify
the mode proﬁles in waveguides. Near the mode transition point the eﬀective
refractive index of modes in the waveguide is very sensitive to the refractive index
of the cladding E-O material and hence the tunability is signiﬁcantly increased.
More importantly, the major problem of the external tuning approach is that when
the eﬀective refractive index of the mode is tuned the ﬁeld distribution also varies,
but with the high index ITO interlayer it is possible to signiﬁcantly reduce such
variation. This will allow external tuning to be applied in practical tunable optical
devices.

Chapter

5

EFFECT OF METAL-POLYMER
INTERFACE ON THE
BREAKDOWN ELECTRIC FIELD
OF P(VDF-TRFE-CFE)
TERPOLYMER
5.1

Application of PVDF based electroactive
polymers in energy storage capacitors

Energy storage capacitors are important components in power electronic circuits.
Currently, these capacitors often occupy large volume due to the low energy density of capacitor materials. Therefore, materials that can store and release high
electrical energy density is highly desirable.
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The energy storage capacitors in high voltage, high power applications are
usually made of dielectric polymer ﬁlms. Currently the most common polymer for
this application is polypropylene. Generally speaking, the electric energy density
stored in dielectric material can be expressed as

Ue =

EdD

(5.1)

where E is the electric ﬁeld and D is the dielectric displacement. For dielectric
materials with linear response (dielectric constant is independent of electric ﬁeld)
we have
1
Ue = K0 E 2
2

(5.2)

where 0 is the permittivity of vacuum and K is the dielectric constant of material.
Current dielectric polymers have very low dielectric constants. For instance, in
polypropylene K=2.2 and hence even if the breakdown electric ﬁeld is as high as
600MV/m, the maximum energy density is only about 3J/cm3 . On the other hand,
P(VDF-TrFE-CFE) terpolymer and P(VDF-CTFE) copolymer have much higher
dielectric constants of K=50 and K=13, respectively. Therefore, they are expected
to achieve much higher energy densities.
In P(VDF-TrFE-CFE), indeed a very high energy densities of about 9J/cm3
has been measured (Figure 5.1) [18]. However, the measured energy density of the
terpolymer is much lower than predicted by equation (5.2) where 35J/cm3 should
be achieved under 400MV/m if K=50. This is because the eﬀective dielectric
constant deﬁned by

Kef f =

1 dD
0 dE

(5.3)

101
decreases signiﬁcantly at high electric ﬁelds (Figure 5.1c) and hence equation (5.2)
is no longer valid in this case. The decrease of dielectric constant is due to saturation of polarization (Figure 5.1a). Intuitively, it can be imagined that there is only
certain number of available polarization in the polymer which is mainly determined
by the dipole moment carried by the chains; if the dielectric constant is too large
the polarization will be “depleted” quickly and saturation will happen. Therefore,
in order to achieve higher energy density it is desirable that the dielectric constant
of the polymer is lowered so that the same polarization level can be achieved at
much higher electric ﬁeld.
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(a) D-E loop

(b) Energy density

(c) Eﬀective dielectric constant

Figure 5.1. D-E loop, energy density and eﬀective dielectric constant of P(VDF-TrFECFE) terpolymer 63/37/7.5 mol%. Adapted from [18]
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The D-E loop, released energy density and eﬃciency of P(VDF-CTFE) ﬁlm
are shown in Figure 5.2. Although low ﬁeld dielectric constant (K=13) of the
ﬁlm is much lower than the terpolymer (K∼50), the eﬀective dielectric constant
does not decrease signiﬁcantly at high ﬁelds and much higher energy density can be
achieved. For instance, under 600MV/m the released energy density from stretched
P(VDF-CTFE) ﬁlm is as high as 25J/cm3 .

(a) D-E loop

(b) Energy density

(c) Eﬃciency

Figure 5.2. D-E loop, energy density and energy eﬃciency of stretched (5 times)
P(VDF-CTFE) copolymer ﬁlm. Adapted from [52]
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Both the terpolymer and the copolymer are promising candidates as dielectric
material for energy storage capacitors. For instance, when relatively large energy
density is required at moderate voltage the terpolymer can be used. On the other
hand, the copolymer can be used to achieve ultrahigh energy densities. However, in
order to be applied in capacitors there are some issues to be addressed in addition
to the energy density, such as breakdown electric ﬁeld and energy eﬃciency. The
breakdown electric ﬁeld of the terpolymer (∼300MV/m) is relatively low comparing
to polypropylene and the copolymer (>600MV/m). This aﬀects not only the
highest achievable energy density but also the reliability of the ﬁlm. Therefore, it
is imperative to understand what controls the breakdown in the terpolymer. On
the other hand, the energy eﬃciency η is deﬁned as the ratio between released and
stored energy,

η=

Urelease
Ustore

(5.4)

In the P(VDF-CTFE) copolymer the eﬃciency is relatively low (Figure 5.2c), and
hence it is important to understand the mechanism of the energy loss and seek for
methods to reduce the loss.
This chapter discusses the electric breakdown in the P(VDF-TrFE-CFE) terpolymer ﬁlms. It is found that the breakdown ﬁeld of the relaxor terpolymer
depends critically on the electrode-polymer interface properties and the electrodes
with less charge injection also resulted in higher breakdown ﬁelds. The diﬀerence
in charge injection between diﬀerent electrode materials is attributed to both the
diﬀerence in Schottky barrier height and the composition and morphology of the
interface.
The problem of energy loss and improvement of eﬃciency of P(VDF-CTFE)
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copolymer will be discussed in Chapter 6.
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5.2

Eﬀect of metal-polymer interface on the
breakdown electric ﬁeld of P(VDF-TrFECFE) terpolymer

The relaxor ferroelectric terpolymer with a composition of P(VDF-TrFE-CFE)
63/37/7.5 mol% was used in this investigation. The terpolymer powder was synthesized via a suspension polymerization process at Piezotech of France [53]. Polymer ﬁlms were fabricated using solution cast method with dimethylformamide as
the solvent. After casting the ﬁlms were annealed at 120◦ C for more than 2 hrs
to remove residual solvent and to raise the crystallinity. The ﬁlms were then uniaxially stretched to more than ﬁve times of the original length to induce high
degree of polymer chain orientation, which improves the breakdown ﬁeld of the
ﬁlms [5, 18]. The typical ﬁlm thickness was about 15μm. Electrodes of 2.46 mm
diameter were deposited on both sides of the ﬁlms by sputtering or evaporation of
diﬀerent metals. For the Cr electrodes, an additional layer of Au was coated on the
top to improve the conductivity. The breakdown ﬁeld was measured according to
ASTM standard with a voltage ramp rate of 500 V/sec. The leakage current (I-V
curve) was measured by a Keithley 6517A electrometer. For each voltage value,
the current was recorded after the voltage was applied for 5 seconds and then
the sample was shorted for another 5 seconds. The dielectric measurements were
performed using a HP 4284A LCR meter. The polarization characterization was
carried out with a Sawyer-Tower circuit. All the experiments were carried out at
room temperature (22◦ C). For the study of metal-polymers using FTIR, terpolymer ﬁlm of less than 50nm was spin coated on silicon wafer and metal layers of
about 5nm thick was coated on top of the polymer. Measurement was performed
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using an FTIR in grazing angle macro ATR mode. For XPS (x-ray photoemission
spectrum) measurements, terpolymer ﬁlm of about 100nm thick was ﬁrst coated
on silicon wafer and then ultrathin aluminum ﬁlms with various thicknesses were
coated on the polymer ﬁlms.

Figure 5.3. Electric breakdown ﬁeld of terpolymer ﬁlms coated with diﬀerent metal
electrodes and with diﬀerent deposition methods. [69]

The distribution of breakdown ﬁelds for diﬀerent electrode materials prepared
under diﬀerent deposition conditions are presented in Figure 5.3. The distribution
of breakdown ﬁeld of materials can be ﬁtted by Weibull statistic model [54]:
F
P (F ) = 1 − exp[−( )β ]
α

(5.5)

where F is the electric ﬁeld and P (F ) is the probability of the sample to breakdown
at electric ﬁeld F . The ﬁtting parameters α and β reﬂect the characteristic value
(electric ﬁeld under which 63.2% of samples breakdown) and spread of breakdown
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Electrode
Work function (eV)
Al (thermal evaporation)
4.26
Cr (e-beam evaporation)
4.5
Ag (sputtering)
4.74
Ag (thermal evaporation)
4.74
Ag (e-beam evaporation)
4.74
Au (sputtering )
5.31
Au (thermal evaporation)
5.31

α
382.75
337.70
303.14
244.58
265.18
294.29
254.64

β
6.66
6.69
4.65
3.82
4.08
4.27
5.78

Table 5.1. The Weibull parameters for breakdown ﬁeld distribution of the terpolymer
ﬁlms with diﬀerent electrodes under diﬀerent deposition conditions. The work functions
are literature values for 111 plane (Al, Au, Ag) or for polycrystalline ﬁlm (Cr).

ﬁeld. Values of α and β for diﬀerent electrode materials and deposition conditions
are summarized in Table 5.1 and Figure 5.4. It can be readily seen that both the
characteristic value and the width of distribution of breakdown ﬁeld are dependent on the electrode material and deposition method. Therefore, it is expected
that electric breakdown in the terpolymer ﬁlms is governed by the metal-polymer
interface rather than the bulk properties of the terpolymer.

(a) α

(b) β

Figure 5.4. The Weibull parameters for breakdown ﬁeld distribution of the terpolymer
ﬁlms vs. work function for diﬀerent electrodes and deposition conditions.

Figure 5.5 presents the J-V curves of the ﬁlms which show that similar to the
breakdown ﬁeld, the leakage current depends on both the electrode material and
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deposition condition. Such dependence suggests that the conduction is limited
by charge injection from electrodes. For all the electrodes the currents exhibit
saturating behavior for low to medium ﬁelds (<50MV/m) and increases rapidly
under high ﬁelds (>80MV/m). The saturating behavior diﬀers signiﬁcantly among
diﬀerent electrodes as well as deposition conditions, and hence is believed to be due
to the trap ﬁlling eﬀect near the interface [55]. Comparing the high ﬁeld J-V curve
to the polarization measurement (D-E loops shown in Figure 5.5b) reveals that
the onset of rapid increase of leakage current and deviation from low-ﬁeld linear
relationship in the D-E loop happen at similar electric ﬁelds (about 80MV/m).
This suggests possible relationship between charge injection and the molecular
conformational change associated with the dielectric response of the terpolymer
[3, 56, 57].
Comparing the breakdown ﬁelds with leakage currents, it can be found that
higher leakage current corresponded to lower and broader distributed breakdown
ﬁeld. This correspondence suggests that breakdown is possibly related to the
charge injection process at the metal-polymer interfaces. Charge injection is one
of the major cause of electric breakdown in inorganic and polymer ﬁlms, and the
underlying mechanisms includes impact ionization, bond cleavage, space-charge
formation, Joule heating, etc. [54, 58, 59, 60].
The basic mechanism of charge injection includes Schottky emission and tunneling. In both processes the injection current J is dependent on the interfacial
barrier height φB [75]:

J ∝ exp(−CφαB )

(5.6)

where α = 1 for Schottky emission and α = 1.5 for tunneling, and C is a
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(a) J-V curves

(b) D-E loops

Figure 5.5. (a) I-V curves of terpolymer ﬁlms coated with diﬀerent metal electrodes
under diﬀerent deposition conditions. (b) D-E curves of terpolymer ﬁlms coated with
sputtered gold electrodes.

coeﬃcient independent of φB . In the terpolymer ﬁlms, electrodes with higher
work functions generally results in larger leakage currents and lower breakdown
ﬁelds (Table 5.1). According to equations (5.6), this can be explained by the
dominance of hole injection in the charge injection process. This is consistent with
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the previous observation on charge injection into PVDF base polymers [61, 62].
Some of the detailed behaviors of the breakdown ﬁeld and leakage current in
the terpolymer ﬁlms cannot be explained by barrier height diﬀerence alone. For
instance, the work function of Ag is closer to Cr than Au, but its breakdown
and conduction behaviors resemble Au rather than Cr. Furthermore, diﬀerent
preparation conditions of same metal resulted in diﬀerent characteristics (Figure
5.3, 5.5a). Recently, it has been discovered that the composition and morphology of
the metal-polymer interface play an important role on the charge injection process
in many polymers [63]-[67]. For instance, noble metal such as Au and Ag exhibits
high conductivity even for very thin ﬁlms and tend to diﬀuse into polymers [63][65]. On the other hand, more reactive metal such as Al often reacts with polymers
to forms insulating thin layer which is expected to reduce the charge injection
and impedes the diﬀusion of metal into polymer [65]-[67]. It is also expected
that interfaces with insulating layers are sharper than diﬀusion-type interfaces and
hence should result in narrower distribution of breakdown ﬁeld. These expectations
are consistent with the experimental observations for the terpolymer (Table 5.1). In
order to study the properties of the electrode-polymer interfaces of the terpolymer,
ultrathin ﬁlms ( < 100nm) have been fabricated by spin coating and Ag and Al
electrodes were deposited by thermal evaporation. Assuming interfacial layers with
thickness ds and dielectric constant s are present at both electrodes, the overall
dielectric constant of the ﬁlm, , can be expressed as [68]:
1
1
2ds 1
1
=
( − )
+

f
d s f

(5.7)

where f is the dielectric constant of the terpolymer and d is the total thickness
of the ﬁlm. The eﬀective dielectric constant of Al coated terpolymer ﬁlms with
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diﬀerent thicknesses (Figure 5.6) ﬁts fairly well to equation (5.7) and yields f =
67.3 and ds =4.4nm (assuming s = 5). These values are consistent with the native
dielectric constant of terpolymer and the typical thicknesses of interfacial layers
and indicates the existence of interfacial layer. For the ﬁlms with Ag and Au
electrodes, no such blocking layer was found and ultrathin ﬁlms tend to form short
circuit, indicating the diﬀusion of silver into polymer.

Figure 5.6. Dielectric constant of terpolymer ﬁlms coated with Al electrodes (evaporated) as a function of the inverse of ﬁlm thickness.

The existence of interfacial reactions is also conﬁrmed by FTIR measurements
(Figure 5.7). Comparing to pure terpolymer ﬁlms, there is a clear additional
peak at around 950cm−1 in aluminum coated ﬁlms. This feature is absent in Au
coated ﬁlms. Therefore, this indicates reaction between terpolymer and deposited
aluminum. The formation of interface between aluminum and the terpolymer was
further studied using XPS. The XPS measurement probes the inner electrons in
atoms and the resonance peaks not only depends on the type of atom but also
depends on its chemical environments. Therefore, chemical reactions are indicated
by the shift of peaks. The peaks of aluminum, ﬂuorine, and oxygen clearly shifted
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for aluminum thicknesses from 0nm to 4nm (Figure 5.8). On the other hand, the
peak of chlorine didn’t show clear shift. The terpolymer itself doesn’t contain
oxygen atoms and hence the oxygen is expected to come from the residual gases
(oxygen or water vapor) in the deposition chamber or adsorbed on the surface of
polymer.

Figure 5.7. FTIR spectrums of neat terpolymer and terpolymer coated with very thin
Au or Al layers.

5.3

Conclusions

In conclusion, the dependence of dielectric breakdown ﬁeld of P(VDF-TrFE-CFE)
on electrode material has been studied. It is observed that electric breakdown is
mainly controlled by metal-polymer interface and the interfaces with smaller injection current possess higher breakdown ﬁeld. The interface states can be inﬂuenced
by both the electrode material and deposition condition. Reactive metals such as
aluminum and chromium result in less charge injection, higher breakdown ﬁeld
and narrower distribution of breakdown ﬁeld comparing to inert metals such as
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gold and silver. The diﬀerences arise from both the diﬀerent work functions of the
metals and the formation of interfacial layers.
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(a) O 1s

(b) Al 2p

(c) Al 2s

(d) Cl 2p

(e) F 1s

Figure 5.8. XPS spectrums of neat terpolymer and terpolymer coated with ultrathin
Al layers with diﬀerent thicknesses

Chapter

6

CONDUCTION LOSS IN
P(VDF-CTFE) COPOLYMER
The poly(vinylidene ﬂuoride - chloroﬂuoroethylene) copolymer, P(VDF-CTFE), is
able to achieve energy density of as high as 25J/cm3 . However, its energy eﬃciency
is relatively low, especially under certain range of electric ﬁeld (Figure 5.2c). For
instance, the eﬃciencies of stretched P(VDF-CTFE) ﬁlm are 65% at 250MV/m
and 71% at 500MV/m, while in polypropylene the eﬃciency is usually higher than
90%. In this chapter, I will ﬁrst analyze the diﬀerent types of energy loss. Then
the mechanisms of conduction loss will be investigated. After that, experimental
results of using blocking layers to reduce the conduction loss will be presented.

6.1

The energy loss in P(VDF-CTFE) copolymer

The D-E loops of stretched and un-stretched P(VDF-CTFE) ﬁlms are shown in
Figure 6.1a,b. Both ﬁlms were fabricated by extrusion. In general, in a D-E
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loop illustrated in Figure 6.2, the areas I+II, I and II represent the stored energy,
released energy and energy loss. Approximately speaking, the loss (the area II)
is proportional to the remnant electrical displacement Dr , which is deﬁned as the
electrical displacement when the electric ﬁeld returns to zero in the loop test.
In general, under electric ﬁeld there are two types of losses existing in dielectric
polymers, namely, dielectric loss and conduction loss. Dielectric loss is due to
dielectric relaxation of the polymer and conduction loss is due to transportation
of charge carriers in the polymer. The two types of losses can be identiﬁed from
the dependence of Dr on loop period. The conduction loss exhibits a nearly linear
dependence, while the portion of loss that is independent of loop period is due to
dielectric loss 1 . In stretched and un-stretched P(VDF-CTFE) ﬁlms both types
of losses can be observed (Figure 6.1c,d). A marked diﬀerence between stretched
and un-stretched ﬁlms is that in stretched ﬁlm the dielectric loss (∼ 0.01C/m2
at 400MV/m) is considerably higher than in un-stretched ﬁlm (∼ 0.05C/m2 at
400MV/m), while the conduction loss of un-stretched ﬁlm is much higher than
stretched ﬁlm. The larger dielectric loss in stretched ﬁlm is due to ferroelectric
transition, which is evident from the increase of the slope of D-E loop at around
100MV/m (Figure 6.1a).
In order to improve the eﬃciency, both the conduction loss and the dielectric (ferroelectric) loss need to be reduced. The study in this thesis focuses on
understanding and reducing the conduction loss.

1

Dielectric loss can also be strongly time dependent if the frequency of loop is close the the
frequency of a relaxation peak. However, no relaxation peak was observed in the frequency under
consideration in P(VDF-CTFE). [52]
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(a) D-E loop, stretched ﬁlm

(b) D-E loop, un-stretched ﬁlm

(c) D0 , stretched

(d) D0 , un-stretched

Figure 6.1. (a), (b): The D-E loops of stretched and unstretched P(VDF-CTFE) ﬁlms.
(c), (d): Dr , the remnant displacement, of stretched and unstretched ﬁlms.

Figure 6.2. The electrical energies in a typical D-E loop.
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6.2

Mechanisms of electrical conduction in polymers

The electrical conduction in dielectric polymers is very complicated. Before discussing the details of conduction phenomenon in P(VDF-CTFE) copolymer, I will
very brieﬂy review the theory of electrical conduction in solids. A detailed discussion on this topic can be found in [9].
In general, the measured leakage current of a polymer ﬁlm consists of two parts:

J = Jc + Jd

(6.1)

where Jc is the conduction current and Jd is the displacement current. The displacement current is due to the change of electrical displacement with time,

Jd =

∂D
∂t

(6.2)

On the other hand, the conduction current is produced by real motion of charge
carriers. Displacement current is closely related to dielectric relaxation in the
polymer and could be important for highly polar polymers such as P(VDF-CTFE).
However, we will not consider it here since conduction loss is expected to dominate
under high ﬁelds.

General process of electrical conduction
The source of charge carriers
The charge carriers that contribute to conduction current can be intrinsic carriers
that are provided by the material itself or external carriers that are injected from
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electrodes. Examples of intrinsic carriers are free electrons and holes in semiconductors and the mobile ions in ionic conductors. The P(VDF-CTFE) copolymer is
a highly insulating material and it is not likely to contain large number of charge
carriers by itself. Therefore, the electrical conduction in the copolymer is due to
carriers injected from electrodes.
Conduction process
The energy band diagram of a metal-polymer-metal structure as well as common
conduction processes in polymer are illustrated in Figure 6.3. The HOMO (Highest
Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital)
in a polymer take the place of valence band edge and conduction band edge in
semiconductors. The electrical conduction due to injected carriers from electrodes
consists of three steps:

1. Charge injection from electrode into polymer.
2. Charge transportation in the bulk of polymer.
3. Charge exits polymer and returns to electrode.
For each step there are often several diﬀerent mechanisms. For instance, charge
can be injected from electrode into polymer through Schottky emission, ﬁeld emission, and injection into trap states. On the other hand, bulk transportation includes band conduction and hopping that are aﬀected by the existence of traps.
The steps 1 to 3 are can be imagined as three resistors connected in series,
and hence the step with lowest rate will limit the overall conduction current. In
general, the exiting step is not the limiting step since for polymers there is usually
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Figure 6.3. Energy band diagram and diﬀerent conduction processes in polymer ﬁlm.

no energy barrier at the exiting interface 2 . On the other hand, carriers injected
from electrode to polymer experience an energy barrier at the electrode-polymer
interface due to the diﬀerence between electrode Fermi level and HOMO (LUMO)
of the polymer. Therefore, the conduction in polymers can be bulk limited or
electrode (injection) limited, depending on which step limits the current.

Bulk limited conduction
Carriers are ﬁrst injected from electrode into polymer and then transported in the
bulk of polymer. If the mobility of polymer is low and the rate of bulk transporta2

Even if there is an energy barrier, the exiting process can treated in similar way as for charge
injection and hence will not be considered separately
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tion is much slower comparing to the rate of supply of carrier by the electrode, the
conduction is bulk limited.
The charge carried by intrinsic carriers in material is always compensated by
opposite charges. For instance, in semiconductors the electrons are compensated
by holes or ionized donors. Therefore, the net charge density in bulk material is
zero. Unlike intrinsic carriers, carriers injected from contacts into polymer are not
compensated and instead form space charges. The space charges alter the electric
ﬁeld distribution in the polymer. Consider the case where hole is the major carrier
and using band conduction model, the space charge limited conduction is generally
described by the following equations [9]:

dF (x)
q[p(x) + pt (x)]
=
dx


(6.3)

J = qμp p(x)F (x)

(6.4)



Eu

pt (x) =

h(E, x)fp (E)dE

(6.5)

p(x) = Nv exp(−EF p /kT )

(6.6)

El

where F (x) is the electric ﬁeld, p(x) and pt (x) are the concentration of free and
trapped holes,  is the permittivity, μp is the mobility of holes, El and Eu are
the lower and upper energy of trap distribution, h(E, x) is the concentration of
traps, fp (E) is the probability of trapping, Nv is the valence band density of state,
and EF p is the quasi Fermi energy for holes. Diﬀusion has been neglected since
only high ﬁeld conduction is of interest to us. Similar formula can be obtained for
conduction involving electrons only or both types of carriers. Due to the existence
of traps in polymer, part of the space charges may be trapped charges and cannot
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Trap distribution

Current density

Trap-free

J = 98 μp Vd3

Single discrete level

J = 98 μp θ dV3

Exponential

l
J = q 1−l μp Nv ( 2l+1
)l+1 ( l+1
)l V
l+1
H  d2l+1

2

2

ef f
l+1

b

ef f

2

Gaussian (shallow)

J = 98 μp θ dV3

Gaussian, (deep)

m
J = q 1−m μp Nv ( 2m+1
)m+1 ( m+1
)m dV2m+1 ,
m+1
H

Uniform

ef f
m+1

b

ef f

−El
V
J = 2qμp Nv gp def
exp[− EukT
] exp[2 qHc kTV d2 ]
f
ef f

Table 6.1. Current density for space charge limited conduction [9].

contribute to conduction. The current density depends on the energy distribution
of traps. This topic is discussed in detail in [9]. A summary of the formulas
for some common distributions are given in Table 6.1 as a reference. The trap
distributions and some related parameters appeared in the table are:
E
• Exponential, H(E) ≈ exp(− kT
), l = Tc /T
c
2

t0 )
• Gaussian, H(E) ≈ exp[− (E−E
], m = [1 + 2πσt2 /16k 2 T 2 ]1/2
2σ 2
t

• Uniform, H(E) = Hc , El < E < Eh
The parameter θ in the expression of current density represents the ratio between the numbers of free carrier and total space charge. The eﬀective thickness
def f account for the eﬀect of spatial distribution of traps.
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Figure 6.4. The band structure of metal-insulator contact showing the image force
eﬀect. Adapted from [75]

Electrode limited conduction
If the injection of carriers into polymer is so diﬃcult that the electrode cannot supply enough carriers for bulk transportation, then the conduction is electrode limited
(or injection limited). The energy band structure of a typical metal-insulator contact with applied electric ﬁeld is shown in Figure 6.4. The carrier can overcome
the barrier by acquiring suﬃcient thermal energy to surpass the barrier, or it may
also directly penetrate through the barrier via quantum mechanical tunneling processes. These two mechanisms are called thermionic (Schottky) emission and ﬁeld
(Fowler-Nordheim) emission, respectively. Usually Schottky emission dominates
at high temperatures while ﬁeld emission dominates under high electric ﬁelds and
moderate temperatures.
Barrier lowering due to image force
A charge carrier that is close to the electrode-polymer interface experiences electrical forces generated by both the applied electric ﬁeld and image charge induced
by the metal electrode. The energy of the carrier in the polymer with respect to
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electrode Fermi energy is given by

E(x) = φB −

q2
− qF x
16πx

(6.7)

where φB is the original energy barrier height, F is the applied electric ﬁeld and  is
the permittivity of the polymer. Therefore, the maximum energy that correspond
to the modiﬁed barrier height is given by:

φB = φB − Δφ = φB −

qF
4π

(6.8)

and the peak of barrier is no longer at the interface (x = 0) but moved to

xm =

q
16π0 F

(6.9)

It has been suggested that since the transit time of carriers across the electrodepolymer interface is very short, the dielectric constant at optical frequency should
be used when calculating the image force eﬀect.
Schottky emission
The injection current is generally given as

J =q

Dvx [n1 (E) − n2 (E)]dE

(6.10)

where D is the transition probability, vx is the velocity of carrier in x direction, and
n(E) is the number of carriers with energy in the interval between E and E + dE.
Both the transition probability and limit of integration depend on the mechanism
of injection. For Schottky emission, all the carriers with energies higher than the
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injection barrier can move into the insulator and the current density is given by
[75]

J = A∗ T 2 exp(−

qφB
) exp(βF 1/2 )
kT

(6.11)

where A∗ is the Richardson constant:
4πqk 2 m∗
A =
h3
∗

(6.12)

and

β=

q
4π

(6.13)

Field emission
For ﬁeld emission (Fowler-Nordheim emission, F-N emission), the transition probability D is the quantum tunneling probability DT . The WKB approximation is
usually utilized to calculate DT :
 x2
4π
DT = exp[− (
|px |dx)]
h x1

4π x2
= exp{− [
2m∗ [E⊥ − E + EC (x)]dx}
h x1

(6.14)

where EC is the conduction band edge for the insulator ﬁlm and px is the xcomponent of momentum. Since for tunneling the energy barrier height is larger
than the kinetic energy of carrier and the y- and z- components of momentum
should be constant, px is imaginary and |px | represents the imaginary part of
momentum. It should be noted that the physical meaning of WKB approximation
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is to neglect the multiple reﬂections of the electronic wave. Therefore, it can be
expected that while it is a good approximation for single layer ﬁlms, there would
be larger error for multilayered ﬁlms.
The ﬁnal form of DT and hence the injection current density depends on not
only the barrier height but also the shape of the barrier. Under very high electric
ﬁelds as in our experiment, only triangular barrier is of interest:

x1 = 0
x2 =

φB
qF

(6.15)

EC (x) = EF + φB − qF x
and hence
3/2

J=

A∗ T 2 π exp(−2αφB /3qF )
1/2

1/2

(αφB kT /qF ) sin(παφB kT /qF )

(6.16)

where

α=

4π(2m∗ )1/2
h

(6.17)

and A∗ is the Richardson constant.

Charge injection modiﬁed by bulk transportation
In the above discussion of charge injection, the formulas for injection currents due
to Schottky emission and ﬁeld emission were originally derived for semiconductors
where the mean free path of carriers is large. It has been argued that for solids
with small mean free paths such as dielectric polymers, these formulas are not
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strictly correct. For instance, a modiﬁed formula for Schottky emission has been
suggested by Simmons [72]:

J = 2q(

φB
2πmkT 3/2
) μF exp(− ) exp(βF 1/2 )
2
h
kT

(6.18)

where μ is the carrier mobility in bulk polymer. This formula takes into account
the ﬁnite bulk transportation rate in solids. The exponential terms represents the
eﬀect of interfacial energy barrier which determines the number of carriers that are
available for transportation in the polymer, while the mobility determines the rate
of transportation of these carriers in polymer. Similar argument also hold for ﬁeld
emission with the only diﬀerence that the carriers are injected through tunneling
rather than thermionic emission.

Speciﬁc issues with conduction in polymers
Disorders, localized states and hopping
The PVDF-CTFE copolymer is a semi-crystalline polymer where crystalline regions are surrounded by amorphous regions. The repeating units in the backbone
of the polymer are connected with σ bonds that show small overlapping between
the electron wave functions of adjacent repeating units. Furthermore, between different polymer chains there is only molecular forces and the overlapping of electron
wave functions is expected to be even smaller. In this case, the energy band of the
crystal will be very narrow. Furthermore, the chemical structure of the copolymer
contains a lot of randomness and typically there are relatively large amount of
physical and chemical defects in polymers. This means even the crystalline region
will be considerably disordered. For narrow energy band with high level of disorder
it is expected that signiﬁcant amount of carriers will occupy localized states rather
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than shared by the entire lattice [73, 74]. In other words, this means the mean free
path of carrier transportation is on the same order of the dimension of repeating
units. Therefore, even though there are also electronic bands in the polymer, a
carriers cannot travel freely in these bands as in crystalline semiconductors but
is localized at one site. It moves to another site via thermally activated hopping
[74]. Hopping mobility is much lower than band conduction mobility and can be
expressed as

μhop = μ0 exp[−W/kT ]

(6.19)

2

μ0 = (1/6)νph qR /kT
where W is the activation energy, νph is phonon frequency, R is the distance of
hopping, and q, k, T have their normal meanings. Hopping not only happens in
electronic band but can also take place between traps.
At high electric ﬁelds the hopping mobility often depends on the electric ﬁeld.
Poole-Frankel (P-F) type of dependence is often observed [80, 81]:

ln J ∝

√

F

(6.20)

It should be noted that P-F emission was originally derived for charge emission
from traps but has been found to be also applicable to hopping conduction in
organic semiconductors.
The exponential dependence has also been proposed [82],

J ∝ exp(

qF l
)
2kT

(6.21)
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Mechanism
Schottky emission
Bulk modiﬁed Schottky
Field emission
Space charge limited
Hopping

Field dependence
√
lnJ ∼ F
√
ln(J/μ) ∼ F
lnJ ∼ −1/F
J ∼ Fm
√
lnJ ∼ F or lnJ ∼ F

Table 6.2. Mechanisms of charge transportation and their dependence on electric ﬁeld.

where l is the distance of hopping. This type of dependence is suggested to be due
to hopping of small polarons [82].
Traps near the electrode-polymer interface
In polymers, trap states near the electrode-polymer interface often have higher
concentration and wider distribution of energy level comparing to those in bulk
polymer (Figure 6.3). This could be due to various reasons, such as surface roughness and the damage of ﬁlm surface during metallization. The carriers can be
injected from electrodes into trap states rather than entering the LUMO(HOMO)
of polymer. After moving away from the electrode the carriers hop into bulk states,
which could be traps or band states and typically have much narrower energy distribution. Due to the wide distribution of trap level near the interface, the ﬁrst
hop from metal into polymer may not be the rate limiting step, and the conduction
may be limited by the energy diﬀerence between the traps near the interface and
bulk states [79]. In this case, the conduction cannot be simply treated as bulk
limited or injection limited. It depends on the energy distribution of trap and bulk
states as welll as the mobility of hopping conduction.
The diﬀerent mechanisms of charge transportation as well as their dependence
on electric ﬁeld are summarized in Table 6.2.
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6.3

Electrical

conduction

in

P(VDF-CTFE)

copolymer
The experimental results of electrical conduction in P(VDF-CTFE) copolymer
ﬁlms will be presented in this section. From the measured dependence of conduction current on various factors we attempt to understand the mechanism of the
conduction based on the above discussion of conduction processes.

Methods
The copolymer used in this study is purchased from Solvay and contains 9 mol%
of CTFE. According to the manufacturer, it is highly heterogeneous (similar to
elastomeric nodules) [71]. It has been observed that the copolymer can be only
partly dissolved in MEK and there is gel like solid remaining in the solution. This is
consistent with the experimental results in Solvay’s patent on the synthesis of the
copolymer, which describes the heterogeneous copolymer as having a composite
type of structure where small particles of homogeneous P(VDF-CTFE) copolymer
are embedded in matrix of PVDF homopolymer [70]. The insoluble solid is due to
the fact that only the PVDF-CTFE homogeneous copolymer can be dissolved by
MEK while the PVDF homopolymer matrix cannot. In the following discussion
we use “PVDF-CTFE” to denote the heterogeneous copolymer rather than the
homogenous component.
Some properties of the P(VDF-CTFE) copolymer are summarized in Table 6.3.
The data are obtained from [52].
There are generally three methods of ﬁlm processing for the P(VDF-CTFE)
copolymer, namely, solution cast (including spin coating), melt press, and extru-
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Property
Value
Dielectric constant (1kHz)
13.5
Dielectric loss (1kHz)
0.02
Breakdown ﬁeld
≈ 600MV
Melting point
165◦ C
Young’s modulus
450MPa
Table 6.3. Some properties of the P(VDF-CTFE) copolymer. The electrical and mechanical properties were measured at 23◦ C. [52].

sion. In the ﬁrst method, polymer powders are dissolved in dimethylformamide
(DMF) and the solution is directly cast on glass substrates and dried under 70◦ C
in an oven. After completely cured the ﬁlm can be peeled oﬀ from substrate. Spin
coating was also used to fabricate ultrathin ﬁlms and the details about these ﬁlms
will be presented in a separate section. In the second method, ﬁlms were formed by
melt-pressing the powder at 230◦ C followed by immediate quenching in ice water.
In the last method, ﬁlms were extruded. Solution cast and melt-press methods
are suitable for fabricating ﬁlms with small quantity of polymer powders while the
extrusion method requires in general large quantity of polymer resins (a few kgs).
Among the three methods, experimental results show that the extruded ﬁlms exhibited the best quality in terms of the breakdown ﬁeld and conduction loss, and
are also easier for the subsequent uniaxial stretching, which further improves the
ﬁlm breakdown strength. A zone drawing machine was used to uniaxially stretch
the P(VDF-CTFE) ﬁlms to ﬁve times of their original length with the temperature of the narrow heating zone at 100◦ C. The zone drawing machine provides a
very narrow heating zone with the drawing ratio to be controlled precisely by the
diﬀerential speed of the two motors at the two ends of the thin ﬁlm to be stretched.
The ﬁlms discussed in this section were all extruded and zone-stretched as
described above. Typical thickness of ﬁlm is around 10μm. The ﬁlms were annealed
at 80◦ C for 1hr and then at 130◦ C for 4hrs to increase the crystallinity. Electrodes
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had round shape were sputtered (Au, Ag) or thermally evaporated (Al) onto both
surfaces of the polymer. In the following discussion, if not speciﬁed the electrode
material is silver.
D-E loop, current-time (I-t), and current-voltage (I-V) characteristics of the
copolymer have been measured. D-E loop was recorded using a modiﬁed SawyerTower circuit in Pennstate Materials Research Lab. The I-t and I-V curves were
recorded by Keithley 6517 electrometer controlled using a Labview program. In
I-t measurements, DC voltages were applied and the current were recorded every
certain time. In I-V measurements, for each voltage a DC voltage was ﬁrst applied
for 5 seconds and then the current reading is recorded, and then the samples
were shorted for 30 seconds before continuing to the next voltage. All of the
above measurements were performed under room temperature unless speciﬁed.
The diameter of all electrodes is 2cm. Other details of the measurements will be
speciﬁed along with the corresponding measurement results.

Results of conduction current measurements
J-t curves
The measured J-t curves of P(VDF-CTFE) ﬁlms coated with types of diﬀerent
metal electrodes are plotted in Figure 6.5. In charging measurement (denoted
by “charge” in the ﬁgure) virgin samples were subjected to 50MV/m DC ﬁeld.
In discharging measurement (denoted by “discharge”) the ﬁeld is decreased to
zero (short circuit) right after the charging measurement and the J-t curve is
recorded. The discharging current is in opposite direction to charging current and
its magnitude is shown in the ﬁgure.
A general trend for all the J-t curves shown in Figure 6.5 is that all the currents
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decrease with time. The J-t curves are nearly linear except for some turning points.
A linear curve on log-log plot suggests the J-t relationship of

Figure 6.5. J-t curves of P(VDF-CTFE) ﬁlms under 23◦ C and 50MV/m electric ﬁeld.

J ∝ t−n

(6.22)

where n is a constant. This is a universal phenomena that has been widely observed
in many dielectric materials. This type of relationship could be caused by dielectric
relaxation with a broad distribution of relaxation times [76]; it could also be due
to the slowly build-up of space charge and trap ﬁlling [77].
The current shows dependence on electrode material. Aluminum electrode resulted in the smallest current density while platinum electrode showed the largest.
Similar trend has also been observed in P(VDF-TrFE-CFE) terpolymer (see Chapter 5). Furthermore, the charging and discharging currents of the same sample are
signiﬁcantly diﬀerent. At the beginning, the two currents have almost the same
magnitude, but the charging current decays much slower than the discharging
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current. If the observed J-t relationship (equation (6.22)) is completely due to distribution of dielectric relaxation time, we would expect that the slope of J-t curves
in charging and discharging measurements should be the same, which contradicts
the experimental result [76]. Therefore, it is believed that the decay of current is
not only due to dielectric relaxation and conduction is also involved.
The measured J-t curves under diﬀerent DC electric ﬁelds and temperatures
are shown in Figure 6.6. Similar to Figure 6.5, roughly speaking all the J-t curves
consist of segments of straight lines connected at some turning points, which are
indicated by arrows in the ﬁgures. The existence of turning points is due to the
depletion of certain source of conduction, such as available trap states. It can be
found that these turning points move to shorter time at higher temperatures and
electric ﬁelds.
J-V curves
The measured J-V curves of the P(VDF-CTFE) ﬁlms are shown in Figure 6.7.
The curves can be roughly divided into three regions (Figure 6.7a). At low ﬁeld
(below 80MV/m) the J-V relationship is nearly linear. Under intermediate ﬁelds
(80MV/m to 250MV/m) there is a peak in current density which is followed by a
negative resistivity region where current density decreases with electric ﬁeld. At
higher ﬁelds (>250MV/m) the current increases rapidly with ﬁeld. The low ﬁeld
J-V curves under diﬀerent temperatures are shown in Figure 6.7b. Comparing
the J-V curves and J-t curves it is found that the turning points in J-t curves
corresponds well to the current peaks J-V curves. Therefore, it is very likely that
they are due to the same underlying mechanism.
Tu et al suggested that the current peak and negative resistivity in J-V curves of
polymers are due to the ﬁlling of traps near the surface of polymer [55]. Basically,
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at the beginning of measurement the carriers are injected from electrode into the
trap states in the polymer near the surface. Due to the wide distribution of energy,
this process should be relatively easy. The ﬁlled traps form a homocharge layer
and reduces the electric ﬁeld near the surface, which causes the gradual decay
of current in J-t curves. At certain ﬁeld or time the available surface traps are
almost ﬁlled and hence further injection must involve hopping into bulk states,
which rate is expected to be much lower comparing to injection into surface traps.
Both the decrease of ﬁeld and depletion of traps could result in the current peak
and negative resistivity.
The rapid increase of current at higher ﬁelds (> 250MV/m) can be due to
√
several diﬀerent mechanisms, such as Schottky emission (lnJ∼ F ), ﬁeld emission
√
(lnJ∼ −1/F ), Poole-Frankel emission (lnJ∼ F ), or hopping of small polarons
(lnJ∼ F ). It was found that the J-V curve between 300MV/m and 400MV/m can
be best ﬁtted by the small polaron hopping formula (equation (6.21)) (Figure 6.8):

J ∝ exp(

qF l
)
2kT

(6.23)

The ﬁtting gives l=0.43nm, which roughly corresponds to the inter chain spacing
in PVDF. Since the chains in stretched PVDF ﬁlms generally orient along the
stretching direction, the transport of carrier (small polarons) along the ﬁlm thickness direction involves hopping between paralleled chains. Therefore, this hopping
distance is a reasonable value.
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(a) 23◦ C

(b) 53◦ C

(c) 74◦ C

(d) 101◦ C

(e) 23◦ C, longer time

(f) 100◦ C, longer time

Figure 6.6. The measured J-t curves of P(VDF-CTFE) ﬁlms under diﬀerent temperatures and electric ﬁelds.

138

(a) Entire ﬁeld range

(b) Lower ﬁelds

Figure 6.7. The measured J-V curve of P(VDF-CTFE) ﬁlms.

Figure 6.8. High ﬁeld portion of J-V curve ﬁtted with small polaron hopping formula.
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Conclusions on electrical conduction in P(VDF-CTFE)
copolymer
The dependence of conduction current on the type of metal electrode strongly suggests that the conduction is controlled by charge injection from electrodes. The
interfacial energy barrier as well as the morphology of the interface (e.g. existence of interfacial layer) aﬀect the injection current. Furthermore, the existence
of current peak and negative resistivity also suggest charge injection controlled
conduction where the traps near the interface play an important role in the conduction. However, the exponential type of J-V curve at high ﬁelds is most likely
due to the ﬁeld dependence of hopping mobility, which is the characteristic of bulk
transportation. Therefore, we conclude that in the P(VDF-CTFE) copolymer the
conduction is mainly controlled by charge injection from electrode, but the current
density of charge injection is aﬀected by the mobility of carriers in the polymer.
This is similar to the bulk modiﬁed charge injection model proposed by Simmons
[72].

6.4

Reducing the conduction loss in P(VDFCTFE) copolymer by using blocking layers

Since the conducting carriers in P(VDF-CTFE) is supplied by the electrodes
through charge injection at the interfaces, an eﬀective approach to reduce the conduction loss is to block the charge injection. For instance, this can be realized by
inserting a blocking layer between P(VDF-CTFE) and the electrode (Figure 6.9).
This blocking layer must have very small leakage and high breakdown electric ﬁeld.
Furthermore, the process for fabricating the blocking layer must be compatible with
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P(VDF-CTFE) so that the two ﬁlms can be integrated together. In ﬁlm capacitor
applications, certainly all-polymer ﬁlms are the most ideal choice. Many non-polar
polymers have very small leakage current and high breakdown strength, such as
polypropylene, polyethylene, polystyrene, and poly(2,6-dimethyl-1,4-phenylene oxide) (PPO). Polymer thin ﬁlms can be deposited using various methods, such as
spin coating, chemical vapor deposition and physical vapor deposition (e.g. sputtering and thermal evaporation). In addition, multilayered polymer ﬁlms can be
fabricated using co-extrusion method. With the currently available equipment,
spin coating has been selected as the deposition method. In order to successively
spin coat the individual layers in a multilayer, it is required that the solvent used for
P(VDF-CTFE) (or blocking layer) does not dissolve the blocking layer (or P(VDFCTFE) ). Table 6.4 summarizes the solvents, non-solvents as well as dielectric properties of selected polymers. In terms of solvents, polystyrene, polypropylene, and
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) are possible candidates. However,
although acetone can dissolve P(VDF-CTFE), it is too evaporative and when used
in spin coating it does not yield good ﬁlm quality. Therefore, polystyrene cannot
be used since it requires acetone as the solvent for P(VDF-CTFE) in spin coating.
On the other hand, polypropylene has very poor adhesion to P(VDF-CTFE) and
the fabricated multilayers are very easy to delaminate. PPO is soluble in toluene
and cannot be dissolved by DMF, and toluene does not dissolve P(VDF-CTFE).
Therefore, PPO has been selected as the blocking layer with toluene and DMF
used as solvents for PPO and P(VDF-CTFE) in spin coating.
A drawback of using polymer as blocking layer is that the non-polar polymers
with ultra small leakage current also exhibit low dielectric constant (<3). This
reduces the overall dielectric constant of the multilayer ﬁlm and results in very
high electric ﬁeld in blocking layers which increases the conduction. On the other
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Figure 6.9. The schematic view of blocking layer inserted between electrode and
P(VDF-CTFE) ﬁlm.
Polymer
CT
PS
PMMA
PC
PPO
PP (a)
PEI

K (1kHz)
13
2.5
3
2.9
2.7 (1MHz)
2.2-2.6
3.1 (1MHz)

D (1kHz)
0.02
<0.001
0.055
0.005
0.005
0.0005
0.0013

Solvents
Acetone, DMF, NMP
toluene, MEK, DMF
chloroform, MEK, DMF
chloroform,dioxane DMF
toluene
benzene, toluene
DMF, NMP

Non-solvents
toluene
acetone, alcohols
Aliphatic hydrocarbons
hydrocarbons
acetone, MEK, DMF
Most polar solvents
Acetone

Table 6.4. Dielectric properties and solvents/nonsolvents of selected polymers. Source:
[86]. CT: PVDF-CTFE; PS: polystyrene; PMMA: poly(methyl methacrylate); PC: polycarbonate; PPO: poly(2,6-dimethyl-1,4-phenylene oxide); PP (a): polypropylene, atactic; PEI: polyetherimide.

hand, inorganic materials with dielectric constants close to or higher than P(VDFCTFE) and with very low conduction loss are widely available. The properties
of some inorganic blocking materials are listed in Table 6.5. The inorganic dielectric ﬁlms are usually deposited by vapor phase deposition, such as sputtering,
evaporation and chemical vapor deposition (CVD). The melting temperature of
P(VDF-CTFE) is 165◦ C and hence the deposition temperature of blocking layer
must be considerably lower than this value. Furthermore, it was found that thin
ﬁlm of P(VDF-CTFE) can be easily damaged by plasma during sputtering. Plasma
enhanced chemical vapor deposition (PECVD) provides a method to deposit high
quality dielectric ﬁlms at low temperature with moderate plasma energy. For instance, high quality silicon nitride (Si3 N4 ) (dielectric constant K=7) ﬁlms can be
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Material
Method
Al2 O3
ALD
oxidation
SiO2
PECVD
Si3 N4
CVD
Ta2 O5
CVD
TiO2
sputtering
HfO2
sputtering
ZrO2

K
J (A/m2 )
9 5×10−3 [90]
3.9
104 [91]
7
1 [89]
26
10−6 [92]
81
10−4 [93]
25
0.1 [94]
25
0.01 [95]

Table 6.5. Dielectric constant and leakage current for selected inorganic blocking materials. All the currents are for electric ﬁelds that are equivalent to 300MV/m in P(VDFCTFE).

deposited at as low as about 125◦ C. In this study, PECVD Si3 N4 blocking layers
and Si3 N4 /P(VDF-CTFE) multilayers have been investigated.
In the following part of this section, the experimental methods and results
of the reduction of conduction current using blocking layers will be presented.
Both all-polymer and inorganic/polymer multilayers have achieved markedly improved eﬃciency comparing to P(VDF-CTFE) single ﬁlm. I will also demonstrate
that ﬁeld emission (tunneling) into blocking layers which causes large conduction
current is a major factor that limits the highest operation electric ﬁeld of the
multilayers.

Method for fabricating multilayered ﬁlms containing blocking layers
The fabrication the multilayered ﬁlm started with a silicon wafer. A metal layer was
ﬁrst deposited on silicon wafer to form the bottom electrode. The individual layers
in the multilayer were then deposited successively by spin coating or PECVD.
Finally, top electrode is deposited on the multilayered ﬁlm.
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Top and bottom electrodes
In all the experiments described in this section aluminum coated silicon wafers
have been used as the substrate. Aluminum was selected due to its excellence
adhesion to silicon. Before aluminum deposition, the silicon wafers were ﬁrst immersed in acetone and cleaned by ultrasound for 30min, followed by dipping in
boiling 1:1 acetone/ethanol mixture for at least ﬁfteen minutes. After each of the
steps the wafer was rinsed by DI water and dried by nitrogen gas. Aluminum
is then thermal-evaporated on silicon under base pressure of less than 10−6 torr
with typical rate of 0.2nm/sec. The aluminum is at least 100nm to ensure a good
electrical conductivity. Top electrodes of the ﬁlms are also aluminum and were
deposited using the same process as for bottom electrode except that the deposition rate is 0.05nm/sec and the ﬁnal thickness is 50nm. The bottom electrode
covers the entire silicon wafer while the top electrodes are circles with diameter of
0.84mm. The top electrodes were deﬁned by a shadow mask.
Deposition of polymer layer
Alternative multilayer of PVDF-CTFE and PPO is fabricated by successively spin
coating of individual layers with DMF and toluene as solvents, respectively. Solution concentration between 1% and 6% and spin rate of 1000RPM to 8000RPM
have been used for both polymers. The thickness of individual layer was controlled
by varying the concentration or spin rate. After coating each layer the sample was
placed in vacuum oven under 120◦ C for at least 10 hours to remove residual solvent.
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Deposition of silicon nitride
Chemical vapor deposition (CVD) has been used to deposit silicon nitride for long
time [87]. The fundamental process of formation of silicon nitride is the oxidation
of silane (e.g. SiH4 ) by nitrogen containing compounds such as NH3 , N2 and N2 O.
However, such reaction happens only at high temperatures (e.g. 700◦ C) [88]. Low
temperature CVD can be achieved by plasma enhanced CVD (PECVD) where the
kinetic energy of fast electrons in the plasma takes the place of thermal energy in
the activation of desired CVD reactions. The dielectric properties of the nitride
ﬁlm depend strongly on the deposition conditions [87]. Usually a large excess of
oxidant is used in the deposition and the key process factor is the ratio between
plasma power and the supply rate of silane. If the amount of activated oxidant
is not enough, the resulting ﬁlm will contain large amount of excess Si and SiH bonds which causes high loss. In addition, NH3 has much higher eﬃciency in
oxidizing silane as compared to N2 . It was reported that nitride deposited from N2
is electrically leaky due to porous microstructure even when deposited using excess
activated oxidant. On the other hand, ﬁlms deposited from NH3 is nonporous and
with excess oxidant very good dielectric property can be achieved. The better
eﬃciency of NH3 was attributed to the formation of precursors, such as Si(NH2 )3
and Si(NH2 )4 . On the other hand, plasma power or ﬂow rate that is too high can
lead to particle formation.
It has been reported that trap assisted conduction is the major conduction
process in silicon nitride and Poole-Frankel (P-F) type of J-V relationship was often
observed [96]. More recently, it was found that in Si-rich nitride ﬁlms conduction
is dominated by traps, while in stoichiometric samples trap controlled current is
only observed in an intermediate ﬁeld range and ﬁeld emission (F-N tunneling)

145
dominates at high ﬁelds [89]. On the other hand, in oxynitride ﬁlms which has
the lowest trap density only low ﬁeld ohmic conduction and high ﬁeld tunneling
can be observed. One set of suggested process conditions are that under 500◦ C,
10−3 to 10−4 Torr deposition pressure, and plasma power of 250W, ﬂow rate ratio
of SiH4 :N2 =0.133 yields Si-rich ﬁlms and 0.0125 yields stoichiometric ﬁlms, and
oxynitride can be obtained by introducing O2 during deposition [89]. Another
researcher suggested that at between 200◦ C and 300◦ C the approximately minimum
ratios of oxidant ﬂow to SiH4 is 125 for N2 O, 25 for NH3 , and 40 for N2 [87]. It
should be noted that the optimum ﬂow rate depends on the temperature, power,
and even other detailed conﬁgurations of the deposition equipment. Therefore, it
is critical to search for an optimized condition for a speciﬁc deposition process.
The above data serve as good starting points of the search.
In this study, silicon nitride has been deposited using a cluster tool (Applied
Materials P5000). Silane (SiH4 ), nitrogen and ammonia have been used as the
source gases and the ﬂow rates varies. The distance between the gas source and
wafer was 400mil and the plasma power was 300W. The deposition pressure was
3.5 torr. The temperature of source gas was 150◦ C and wafer temperature was
about 120◦ C to 130◦ C.
Comments on the maximum number of layer in the multilayered ﬁlms
The maximum number of layers achievable in PPO/P(VDF-CTFE) multilayer is
three. When depositing more than three layers the ﬁlm becomes non-uniform and
large number of defects were observed. It was found that such degradation of
quality was due to the re-dissolving of deposited layers. It is the self dissolving
(i.e. P(VDF-CTFE) dissolved by DMF or PPO dissolved by toluene) rather than
inter-dissolving (i.e. toluene damages P(VDF-CTFE) or DMF damages PPO) that
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is the main cause of problem. This is supported by the fact that when a single
P(VDF-CTFE) (or PPO) layer is subjected to toluene (or DMF) no damage of
the ﬁlm could be found. On the other hand, the multilayers with poor qualities
always have at least three layers. We expect that self-dissolving is caused by the
permeation of solvent through the top layer which caused the underlying layer
to be subjected to the solvent which can easily dissolve it. The permeability of
polymer to small molecules is highest for amorphous polymers in rubbery state.
Therefore, it is expect that P(VDF-CTFE) is easier to be penetrated due to its low
glass transition temperature (about -30◦ C) as compared to PPO (> 200◦ C). Based
on this consideration, highly crystalline polymers that are deposited from vapor
phase such as parylene will prevent the self-dissolving problem. However, ultratin parylene ﬁlms (<100nm) deposited by available equipment show much poorer
properties comparing to PPO and hence were not used in the study. Nevertheless,
baking the spin coated ﬁlms under vacuum and high temperature can guarantee
good ﬁlm quality up to three layers which is suﬃcient for current study.
In the fabrication of Si3 N4 multilayer, it was found that P(VDF-CTFE) could
not be spin coated on Si3 N4 because the solution did not wet the surface of Si3 N4
ﬁlm. Therefore, only bilayers with P(VDF-CTFE) at the bottom and Si3 N4 at the
top have been studied.
Methods of measurements
After the deposition of polymer and metal layers small portions of ﬁlm near corners
or edges of the wafers were removed by acetone or toluene (depends on which
polymer is at bottom) to expose part of the bottom electrode for electrical contact.
The thickness of ﬁlms was measured using a surface proﬁlometer (Tencor AlphaStep 500). The thickness of single layers were also measured using an ellipsometer
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to calibrate the proﬁlometer measurement.
The electrical contact to the samples was provided by two probes that touch the
top and bottom electrodes. The probe for the bottom contact has a conventional
sharp tip. The tip of the probe for top contact has been replaced by a U-shaped thin
metal wire (Figure 6.10a). The round bottom of metal wire provides a much softer
and ﬂatter contact as compared to the sharp tips and hence prevents the damage of
polymer ﬁlms. A test setup has been developed for D-E loop measurement (Figure
6.10b). The waveform is generated by a function generator and then ampliﬁed
by a high voltage ampliﬁer. Unless otherwise speciﬁed, single burst of unipolar
triangular wave with total duration of 10msec was used in loop measurements. An
oscilloscope probe (10:1 ratio) has been added to the reference channel to increase
the input impedance of the oscilloscope.
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(a) The metal wire contact

(b) The test setup for D-E loop measurement

Figure 6.10. (a) The metal wire contact used for top electrodes and (b) A schematic
view of the test setup for D-E loop measurement.
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Experimental results
Single layered ﬁlms
The D-E loop of P(VDF-CTFE) single layer is shown in Figure 6.11a.

The

ﬁlm thickness is 120nm. The ﬁlms typically broke down between 200MV/m and
300MV/m, which is signiﬁcantly lower than in extruded ﬁlms where breakdown
ﬁeld of higher than 600MV/m can be routinely achieved. Furthermore, the conduction loss in spin coated ﬁlm is much larger than extruded ﬁlms. It is believed
that the large conduction loss and low breakdown ﬁeld is due to existence of conducting channels in spin coated ﬁlms. The conduction channels could be pinholes
or the boundary between crystalline and amorphous regions. Large spherulite
shaped crystalline regions with sizes on the order of 10μm has been observed in
P(VDF-CTFE) ﬁlms cast from solution. The thickness of spin coated ﬁlm is less
than 500nm and hence one single spherulite may extend from one electrode to the
other. In inorganic ﬁlms it was proposed that the grain boundaries are one of the
major cause of large leakage currents [85]. Therefore, it is also possible that these
boundaries in the polymer could contribute signiﬁcantly to conduction.
Other phenomena observed in the spin coated P(VDF-CTFE) ﬁlm are prebreakdown and self-healing. When the as-deposited ﬁlm was ﬁrst subjected to
electric ﬁeld the conduction loss was very large and breakdown often happened at
very low voltage. However, after these breakdown events the ﬁlm could still withstand high voltage and the conduction loss was signiﬁcantly reduced. In general
a series of such pre-breakdown happened at successively higher voltages until the
ﬁlm ﬁnally permanently break down.
The D-E loop of sandwiched P(VDF-CTFE) ﬁlm with a 5nm aluminum interlayer embedded in the polymer is shown in Figure 6.11b. The breakdown ﬁeld of
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aluminum embedded ﬁlm is much higher than pure P(VDF-CTFE) ﬁlms, while
the shape of loop and conduction loss of the two kinds of ﬁlms are essentially the
same. When a thin layer of aluminum is embedded in the polymer, it eﬃciently
blocks the breakdown path by simple physical blocking and/or by homogenizing
the charge in the breakdown channel. However, the aluminum layer does not block
charge transportation and hence did not aﬀect the conduction behavior of the ﬁlm.
The time dependence of the remnant displacement in D-E loops of spin coated
P(VDF-CTFE) ﬁlms was also measured (Figure 6.12a). From the time dependence
of loss at diﬀerent electric ﬁeld we can extract the conduction and dielectric energy
losses from the slope and the intercept with D axis in Dr -t curves (Figure 6.12b).
The leakage current density is about 0.6A/m2 under 400MV/m, which is more
than one order of magnitude higher comparing to extruded ﬁlms.
The D-E loop of spin coated PPO is shown in Figure 6.13. The thickness of
ﬁlm is 300nm. Linear response was maintained up to the highest ﬁeld of about
900MV/m and the dielectric constant as determined from the slope of loop is 2.75.
D-E loop of PECVD silicon nitride ﬁlm is shown in Figure 6.14. The thicknesses
of ﬁlms are all 300nm. As was mentioned earlier, the electrical properties of silicon
nitride depends on the deposition conditions. For instance, when the ﬂow rates
of NH3 , N2 and SiH4 are 100, 2000 and 75 sccm (standard cubic centimeter per
minute) the ﬁlm is very lossy (Figure 6.14a). If the ﬂow rate of SiH4 is reduced to
45 sccm the leakage current is very small (Figure 6.14b). In fact, under the same
ﬂow rates of NH3 and N2 and when the ﬂow rate of SiH4 is between 35 and 55
sccm, highly insulating ﬁlms with leakage current and breakdown ﬁelds similar to
the 45 sccm ﬁlm can be obtained. Under these conditions the deposition rate is
about 7-8nm/sec. The dielectric constant as determined from the loop is k=7.1.
Similar to PPO, the dielectric response is linear up to at least 650MV/m.
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(a) Without Al

(b) With Al

Figure 6.11. The D-E loops of spin coated P(VDF-CTFE) ﬁlms with and without
embedded Al interlayer. The inset in (b) illustrates P(VDF-CTFE) ﬁlm with embedded
Al.
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(a)

(b)

Figure 6.12. (a) The time dependence of remnant displacement of spin coated P(VDFCTFE) ﬁlm with diﬀerent maximum ﬁelds in D-E loop; (b) Conduction current and
dielectric energy loss extracted from the time dependence of remnant displacement.
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Figure 6.13. The D-E loop of spin coated PPO ﬁlm.

(a) 20:100:15

(b) 20:100:9

(c) 20:100:9, loop time 0.1sec

Figure 6.14. The D-E loops of pure Si3 N4 ﬁlms under diﬀerent deposition conditions
and loop times.

154
Comparing to single P(VDF-CTFE) ﬁlms, the behavior of the loss in D-E
loops of PPO and silicon nitride ﬁlms is signiﬁcantly diﬀerent. For instance, in
PPO very low loss is maintained up to a high electric ﬁeld (800MV/m) and then
the loss suddenly increases with only a small increase of electric ﬁeld (i.e. to
900MV/m). Similarly, in silicon nitride very low loss is maintained up to about
650MV/m but dramatically increases when ﬁeld is increased to 680MV/m. The
rapid increase of loss happens at lower ﬁeld if the time of loop is increased to 10
times (Figure 6.14b,c), which indicates that the loss is due to conduction current.
On the other hand, in P(VDF-CTFE) considerable loss exist even at low ﬁelds and
the loss increases gradually with electric ﬁeld.
The rapid increase of conduction loss in PPO and high quality silicon nitride
ﬁlms at high electric ﬁeld is most likely due to tunneling. In general there are
two types of tunneling, namely, Fowler-Nordheim (F-N) tunneling which involves
tunneling through the injection energy barrier, and direct tunneling where the
carrier directly tunnels from one electrode to the other (Figure 6.15). The ﬁlms
under study are thicker than 100nm and typical barrier height is less than 3eV. An
electric ﬁeld of 500MV/m will produce voltage drop of 3V in only 6nm which is
much smaller than ﬁlm thickness. Therefore, only F-N tunneling will be considered
here. The tunneling current is given by equation (6.16) and is rewritten as
3/2

J=

A∗ T 2 π exp(−2αφB /3qF )
1/2

1/2

(αφB kT /qF ) sin(παφB kT /qF )

(6.24)

and the barrier height is reduced due to image force:

φB = φB − Δφ = φB −

qF
4π

(6.25)

Assume that there is no surface states which modify the barrier height, the bar-
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(a) No ﬁeld

(b) Low ﬁeld, direct tunneling

(c) High ﬁeld, F-N tunneling

Figure 6.15. Tunneling in metal-insulator-metal structures.

rier height between silicon nitride and aluminum is 2.2eV and 2.9eV for electrons
and holes, respectively [10]. The calculated current densities are shown in Figure
6.16. From the measured D-E loop of silicon nitride ﬁlm (Figure 6.14b) the conduction currents at 645MV/m and 675MV/m are estimated to be 0 and 0.5A/m2 ,
respectively. Calculation of tunneling current density indicates that current density of 0.5A/m2 (for electrons) is achieved at 676MV/m, which is in very good
agreement with D-E loop. The data for band edge of PPO is currently unavailable. From measured D-E loop the conduction currents of PPO under 815MV/m
and 890MV/m are 0 and 0.33A/m2 , respectively. From the calculation of tunneling
current the barrier height is estimated to be 2.8eV.
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Figure 6.16. Calculated F-N tunneling current density of Si3 N4 .

PPO/P(VDF-CTFE) mulilayers
The D-E loops of two PPO/P(VDF-CTFE) multilayers are shown in Figure 6.17.
Both of the two multilayers contain three individial layers. In the “OCO” ﬁlm, both
the top and bottom layers are PPO and the middle layer is P(VDF-CTFE). In the
“COC” ﬁlm, the top and bottom layers are P(VDF-CTFE) while the middle layer
is PPO. The two ﬁlms exhibit similar dielectric constants and the ratio between
thicknesses of P(VDF-CTFE) and PPO in both ﬁlms is about 2:1. The overall
thickness of the OCO and COC ﬁlms are 220nm and 380nm, respectively.
In the D-E loops of both OCO and COC ﬁlms, the loss is negligible at low
electric ﬁelds and increases signiﬁcantly when the electric ﬁeld is larger than certain
value. In both ﬁlms the increase of loss happened when the electric displacement is
about 0.02C/m2 . Comparing to Figure 6.13, it can be found that this displacement
corresponds to the ﬁeld under which the conduction loss in PPO signiﬁcantly
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(a) OCO, k=6.2

(b) COC, k=5.5

Figure 6.17. The D-E loops of OCO and COC types of P(VDF-CTFE)/PPO ﬁlms.

increases. Therefore, the increase of loss in the multilayeres is most probably due
to the onset of tunneling in PPO.
At displacement of 0.02C/m2 , in P(VDF-CTFE) single ﬁlms the remnant displacement is around 0.005, while in the multilayered ﬁlms it is almost zero. Therefore, before the onset of tunneling the PPO did function as a perfect blocking
layer.
Ideally, the OCO structure should exhibit the lowest conduction loss since the
charge injection is completely by the PPO layers. However, the D-E loops show
that at high electric ﬁelds the increase of conduction loss in OCO ﬁlm is much
faster than in COC ﬁlm. For instance, at 440MV/m the remnant displacement in
OCO ﬁlm is 18.5% of the maximum displacement in the D-E loop. In COC ﬁlm,
at 672MV/m the remnant displacement is only 8.4% of maximum displacement.
This is because in OCO ﬁlm the PPO ﬁlms are adjacent to metal electrodes and
large electric ﬁeld in PPO will readily generate very large tunneling current. On
the other hand, in COC ﬁlm the PPO layer is sandwiched by P(VDF-CTFE) ﬁlms.
In this case, the available carriers to be tunneled into PPO are the charge carriers
in P(VDF-CTFE), which concentration is much smaller than electrons in metal
and hence the tunneling current is expected to be much smaller.
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Si3 N4 /P(VDF-CTFE) bilayer
The D-E loop of Si3 N4 /P(VDF-CTFE) bilayer with silicon nitride on the top is
shown in Figure 6.18. The thickness of ﬁlm is 300nm. The dielectric constant of
the bilayer is 10.6. The loss increases gradually with electric ﬁeld up to about
450MV/m and D∼0.045. This corresponds to the highest displacement achieved
in single layered silicon nitride ﬁlms (Figure 6.14b). Comparing to single layered
P(VDF-CTFE), again signiﬁcant reduction of conduction loss can be observed.
For instance, at displacement of D=0.04C/m2 , the remnant displacement in single
layered P(VDF-CTFE) is more than 25% of maximum displacement, while in the
bilayer it is only 6.2%.

Figure 6.18. The D-E loops of P(VDF-CTFE)/Si3 N4 bilayer with thickness ratio of
P(VDF-CTFE):Si3 N4 ≈2:1.

A comparison of diﬀerent P(VDF-CTFE), PPO, and Si3 N4 single layers and
multilayers are shown in Figure 6.19 and Table 6.6. The ﬁlms are compared at
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Film
PVDF-CTFE, stretched
PVDF-CTFE:PPO=2:1
PVDF-CTFE:Si3 N4 =2:1
PPO
Si3 N4

K
13
5.5
9
2.75
7.1

Stored (J/cm3 )
11.10
8.13
11.10
8.88
15.40

Released (J/cm3 )
7.31
7.50
8.95
8.88
15.40

Eﬃciency
65.9%
92.2%
80.5 %
>95%
>95%

Table 6.6. Comparison of the dielectric constants (K) and energy density of diﬀerent
ﬁlms.

similar released energy density except for Si3 N4 . Pure Si3 N4 ﬁlm has the highest
eﬃciency and relatively high energy density and seems to be the most promising
material among all. However, Si3 N4 is a stiﬀ and brittle material which cannot be
fabricated into capacitor ﬁlms. Therefore, it is not suitable to be used along and
for large scale applications it should be used together with polymers (i.e. in the
form of multilayers).

Figure 6.19. Comparison between the D-E loops of diﬀerent ﬁlms.

Chapter

7

CONCLUSIONS AND SUGGESTED
FUTURE WORK
Electroactive polymers based on PVDF exhibit very large electro-optic (E-O) effect, electromechanical strain and electrical energy density. Examples of these
polymers are P(VDF-TrFE-CFE) terpolymer and P(VDF-CTFE) copolymer. This
thesis presents the study of the application of the P(VDF-TrFE-CFE) terpolymer
and P(VDF-CTFE) copolymer in tunable optical devices and energy storage capacitors. As an example of tunable optical device, an electrically tunable long-period
ﬁber grating (LPG) has been developed using the P(VDF-TrFE-CFE) terpolymer
as E-O material. The tuning range of the tunable LPG is about 50nm when applied electric ﬁeld is 50MV/m, which is suﬃcient to cover an entire ﬁber optic
communication band. A computer simulation model has been developed to aim
the design of the LPG. Simulation results revealed that the ITO layer used as
the inner electrode of the terpolymer signiﬁcantly enhanced the tuning range of
the LPG. Furthermore, with proper ITO thickness and refractive index the variation of notch depth is very small while the resonance wavelength is tuned. It was
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found that the eﬀect of ITO on tuning characteristic of the LPG is due to the high
refractive index of ITO which redistribute the light energy in the ﬁber. The enhancement of tuning due to ITO has been conﬁrmed in index matching ﬂuid test.
Furthermore, it was also found that large tuning range can only be achieved when
the native refractive index of the terpolymer is about 1.42, which is larger than
the native refractive index of the terpolymer ( n=1.4) by about 0.02. In order to
increase the refractive index of the terpolymer while maintaining large E-O eﬀect
and high optical transparency, a nanocomposite with high refractive index zinc
sulﬁde nanoparticles embedded in terpolymer matrix has been developed. Using
the nanocomposite approach, increase of refractive index by as large as 0.1 can
be achieved using only 10 vol% of zinc sulﬁde while the E-O eﬀect was reduced
by about one third. In order to prevent the agglomeration of nanoparticles which
causes large scattering loss of light, the zinc sulﬁde nanoparticles were synthesized
and mixed in-situ with terpolymer with the presence of coupling agents containing
thiol groups. In this way, the optical loss of the nanocomposite ﬁlm is almost the
same as neat terpolymer ﬁlms. When zinc-sulﬁde/terpolymer nanocomposite with
3 vol% of zinc sulﬁde is used as the E-O material for the tunable LPG, the native
refractive index of the E-O layer is about 1.42 and the large tuning has indeed
been achieved where the tuning range is 50nm.
For the application in energy storage capacitors, the breakdown behavior in
the terpolymer and the conduction loss in P(VDF-CTFE) copolymer have been
studied. It has been observed that the breakdown ﬁeld of the terpolymer depends
on the type of metal used as electrodes. Aluminum resulted in highest mean breakdown ﬁeld (380MV/m) and narrowest distribution of the breakdown ﬁelds. On the
other hand, silver and gold resulted in much lower breakdown ﬁeld (300MV/m) and
wider distribution. Even for the same type of metal, diﬀerent deposition methods
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also resulted in diﬀerent breakdown ﬁelds. For gold and silver, sputtering resulted
in better breakdown characteristics comparing to thermal and e-beam evaporation. It is believed that the dependence of breakdown ﬁeld on electrode material
and deposition method is due to both the work function diﬀerence between metals
and the existence of interfacial layers. For instance, an interfacial layer has been
detected for aluminum electrode which is due to the reaction between aluminum
and polymer and ambient oxygen, while no interfacial layer has been found for
silver and gold.
The electrical conduction in P(VDF-CTFE) copolymer has been studied. The
J-t curves were dependent on electrode material and shows turning points. The J-V
curves shows a current peak and a negative resistivity region. These observations
suggest that the conduction in the copolymer is controlled by charge injection
from the electrodes. However, at high ﬁelds the J-V curves are best ﬁtted by
ﬁeld dependent mobility model which is a feature of bulk conduction. Therefore,
it is believed that the charge injection into the copolymer is modiﬁed by bulk
conduction in the polymer, as has been proposed earlier for charge injection into
insulating materials. The reduction of conduction loss by using blocking layers
has been demonstrated. Both poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) and
silicon nitride have been used as blocking layers and energy eﬃciencies of >90% and
>80% have been achieved with released energy density of higher than 7.5J/cm3 .
An extension of the present study can be made into several areas related to
this work but not yet explored. Following are a few suggested topics for future
research.
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Optical application
In the tunable ﬁber grating demonstrated in this thesis, the tuning range has
been signiﬁcantly enhanced by the high index ITO layer, and the notch depth
variation can be minimized simultaneously. In many tunable optical devices, it is
desirable to tune the resonance wavelength while maintaining a nearly constant
ﬁeld distribution. Therefore, the ITO eﬀect in the tunable ﬁber grating can be
applied to many other tunable optical devices. However, the refractive index of
ITO is relatively diﬃcult to control and hence thickness is the only variable for
device design. In addition, ITO exhibits ﬁnite optical loss and hence the maximum
thickness of ITO is limited.
In a generalized design, the ITO interlayer can be replaced by a multilayered
stack that consists of layers of diﬀerent materials. For instance, these can be
alternating high index and low index layers as in the Bragg ﬁbers [97, 98], and
one of the layers can be P(VDF-TrFE-CFE) terpolymer which exhibits large EO eﬀect and another layer can be inorganic or organic material with high optical
quality and suitable refractive index (Figure 7.1). This multilayered stack (layers A
and B) can take the place of either the ITO interlayer only or both the interlayer
and the second cladding (layer C). The unique dispersion relationship in such
one dimensional photonic bandgap structures can provide very sensitive tuning in
tunable ﬁber gratings. For a symmetric slab waveguide, in the ray optics treatment
the eigen equation of a mode is [20]

akn1 sin φ − δ = N π

(N = 0, 1, 2, · · · )

(7.1)

where a and n1 are the thickness and refractive index of the slab, φ is the angle
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Figure 7.1. The structure of a ﬁber with multilayered second cladding.

between the ray and ﬁber axis 1 , and k is the wave number of light in vacuum.
The parameter δ is the phase retardation associated with the a total reﬂection at
the boundary of the slab, which depends on the refractive indexes of the layers
in the waveguide and the angle φ. In the external tuning regime, a and n1 are
constants, and the tuning of nef f is determined by the change of δ due to e.g. the
refractive index change in certain layers. For optical ﬁbers, due to the cylindrical
geometry the dispersion relationship of modes is more complicated than equation
(7.1), but the tuning of nef f is also determined by the change of δ. For a multilayer
reﬂector, the phase retardation associated with reﬂection is high sensitive to the
refractive index of the layers when operated close to the band edges of the reﬂector.
In this case, more eﬃcient tuning can be expected comparing to single high index
interlayer.

1

φ is related to eﬀective refractive index by nef f = n1 cos φ
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In addition to wider tuning range, another advantage of the multilayered structure is that when properly designed, much higher optical energy can be contained
in the terpolymer active layers than in the passive layers. In tunable ﬁber gratings
it is desirable that most light energy are contained in the core and in terpolymer
layer so that large tuning range and deep notch can be achieved. Therefore, enhancing light energy in the terpolymer while suppressing it in the passive layers
will improve both the tuning range and the notch depth.
The properties of ﬁber with multilayered interlayer or second cladding can be
studied using the simulation model described in Chapter 3. The nature of the
model allows for the analysis of arbitrary number of layers. Several diﬀerent conﬁgurations can be studied. For instance, a possible conﬁguration is that layer B in
Figure 7.1 is the terpolymer layer while layers A and C are passive materials; another conﬁguration is that no additional second cladding C is present; yet another
conﬁguration is that A and B are both passive materials and C is terpolymer.
The passive layers in this design can be either inorganic or polymer materials.
Especially, polymers are preferred as the passive layer since they can be easily
coated by dip coating whereas the inorganic layers are usually deposited by vacuum
processes such as sputtering and thermal evaporation. A consideration of the allpolymer multilayered stack is that the dielectric constant of the terpolymer (50)
is much higher than common polymers (typically <4), and hence if voltage is
applied on the stack the achievable electric ﬁeld in the terpolymer layer will be
low. This problem can be overcome by using conducting polymers instead of
dielectric polymer as the passive layer. Conducting polymers that are transparent
at near infrared wavelengths are readily available [99].
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Dielectric application
In the present development of multilayered ﬁlms containing P(VDF-CTFE) copolymer and blocking layers, it is interesting to extend the study on new blocking materials and deposition techniques. Through this study the conduction loss could
be further reduced and higher dielectric constant and energy density can be maintained.
The spin coated P(VDF-CTFE) layers in the present study exhibits conduction
loss of at least one order higher comparing to extruded ﬁlms. The large size of
crystalline region in the present solution processed ﬁlms is believed to signiﬁcantly
increase the conduction loss. Further study is required to improve the quality of
solution processed ﬁlms. For instance, suitable solvent and the curing procedure
after spin coating could reduce the crystalline region size to an acceptable level.
Extrusion followed by uniaxially stretching can readily produce very high quality
ﬁlms, but it would be challenging to fabricate sub-micron thick ﬁlms using this
method. The ultimate solution to fabricate high quality thin ﬁlms would be using
vapor phase deposition methods, such as chemical vapor deposition. However, it
would require further study to properly control the composition of the deposited
ﬁlms.
When used as blocking layers, polymers are not expected to achieve significantly improved energy density and eﬃciency comparing to the current study.
This is because of the low dielectric constant in low loss polymers, which limits the
maximum ﬁeld that can be applied on the multilayers. Perhaps the only case that
could potentially achieve high performance is ﬁlms that contains large number of
ultrathin polymer layers (e.g. several nm) so that the interface properties dominates the response of the ﬁlm. Such ﬁlms could be fabricated using co-extrusion
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technique.
On the other hand, the promising potential of inorganic blocking layers is far
from being fully realized in the present study. For instance, the deposition process
of silicon nitride blocking layers should be further optimized. In the D-E loops of
P(VDF-CTFE)/Si3 N4 bilayers, it was observed that there is considerable loss at
low electric ﬁelds and the loss increases gradually with ﬁeld. This is diﬀerent from
the behavior of P(VDF-CTFE)/PPO multilayers and is possibly due to damaging
of ﬁlms during deposition. Currently, ﬁlm deposition has been performed under
125◦ C and plasma energy of 300W. Furthermore, during deposition the polymer
is directly exposed to plasma and the high energy particles in the plasma could
damage the polymer. In some modiﬁed PECVD deposition setup lower deposition
temperature (down to room temperature) can be achieved and the plasma can be
separated from substrate [100].
Silicon nitride can be also replaced by other inorganic blocking materials with
higher dielectric constants. Examples of such high dielectric constant materials
are tantalum oxide, titanium oxide, and aluminum oxide. In addition to vacuum
deposition techniques, the oxide ﬁlms can be also formed by anodizing metallic
layers, which provides a potential low temperature process to deposit such layers.
Finally, only bilayers have been fabricated in the present study involving inorganic blocking layers, and it is expected that increasing the total number of layers
while decreasing the thicknesses of individual layers could improve the performance
of the multilayered ﬁlms. This is because the large number of interfaces increases
the number of energy barriers for the conducting carriers. In order to fabricate
these multilayers, not only the possible damage of thin ﬁlms during deposition
should be concerned but also the adhesion between polymer and inorganic layers
should be improved. For instance, it has been observed that P(VDF-CTFE) can-
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not be spin coated on silicon nitride due to wetting problem. This problem could
be overcome by choosing blocking materials with better wetting properties or by
introducing an ultrathin interfacial layer to promote the wetting.
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