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We demonstrate that ferroelectric memory diodes can be utilized as switching type positive
temperature coefficient (PTC) thermistors. The diode consists of a phase separated blend of a
ferroelectric and a semiconducting polymer stacked between two electrodes. The current through
the semiconducting polymer depends on the ferroelectric polarization. At the Curie temperature the
ferroelectric polymer depolarizes and consequently the current density through the semiconductor
decreases by orders of magnitude. The diode therefore acts as switching type PTC thermistor.
Unlike their inorganic counterparts, the PTC thermistors presented here are thin film devices. The
switching temperature can be tuned by varying the Curie temperature of the ferroelectric polymer.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963349]

Thermistors with a positive temperature coefficient
(PTC) of the resistance are divided into two groups accord-
ing to their operation mechanism and materials used. The
first group uses doped silicon or a metal. It exhibits a linear
resistance-temperature curve with a small PTC and is typi-
cally used as temperature sensors. The second group of PTC
thermistors is the switching type. It shows highly nonlinear
resistance-temperature curves and, therefore, is widely used
in electrical engineering as self-regulating heating elements
and as current limiter for overcurrent protection.'™ A well-
known example is a resettable fuse that consists of a compos-
ite of conductive fillers, such as carbon black, embedded in
an insulating polymer matrix, such as polyethylene.*'* At
room temperature the conductive particles form a percolating
path and the resistance is low.''™'® When the temperature
increases, the large volume expansion of the semi-crystalline
polymer close to its melting point breaks up the percolation
path and the resistance dramatically increases.

The most commonly used switching type PTC, however,
is based on ferroelectric doped BaTiO; ceramics.'*®
Undoped BaTiO; is an insulator and as such cannot be used as
a PTC thermistor. To that end, BaTiO; is n-type doped by
replacing Ba with a trivalent donor such as La or by replace-
ment of Ti by pentavalent Nb.'”?* The electron traps at the
grain boundaries dominate the electrical transport and the PTC
effect. Above the Curie temperature, the dielectric constant
decreases according to Curie-Weiss law, which causes the
potential barrier for electrons at the grain boundary to increase.
Consequently, the resistance increases dramatically.

The commercial switching type PTCs are typically
bulky, made as discrete component or as surface mounted
devices. The manufacturing process of densely sintered,
ceramic BaTiO; requires careful control of materials and
impurities. Contaminations in the order of a few ppm can
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cause major changes in the thermal and electrical properties.
Thin film thermistors are elusive; the high process tempera-
ture leads to intermixing and strain caused by the substrate
can suppress the phase transition.”! Finally, the operational
mechanism relies on the resistance modulation of grain
boundaries, which cannot easily be transferred to thin films.
Here we demonstrate a switching type PTC thermistor that
can be processed as a thin film. Additional advantages are
processing at low temperature from solution and tunability
of the transition temperature.

The operational mechanism is based on the decrease of
the ferroelectric polarization at the Curie temperature.
P(VDF-TrFE) is an insulator and cannot be electrically
doped like BaTiOj3. To utilize the change in polarization, we
use a ferroelectric diode that consists of a phase separated
blend film of a ferroelectric and a semiconducting polymer
sandwiched between two electrodes.”>** The electrodes are
selected such that they form a Schottky contact with the
semiconductor. Consequently, the current density is injection
limited and low. However, by polarizing the ferroelectric
polymer the injection barrier is eliminated leading to an
Ohmic contact and a high space charge limited current den-
sity through the organic semiconductor. However, at the
Curie temperature, T, the ferroelectric polymer depolarizes.
The injection barrier cannot be overcome and, consequently,
the current density drops. Effectively, the resistance dramati-
cally increases with temperature. We show that a thin film
switching type PTC thermistor is realized. By using a well-
defined poling protocol the change in resistance is reversible
and the switching temperature can be set by the Curie tem-
perature of the ferroelectric polymer.

As a ferroelectric polymer we used the random copolymer
of vinylidenefluoride with trifluoroethylene P(VDF-TrFE).>*2¢
Batches with different ratios of VDF and TrFE were purchased
from Solvay. The ferroelectric properties were characterized
in capacitors. Thin films of about 300 nm were fabricated by

Published by AIP Publishing.
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TABLE I. Extracted ferroelectric parameters of P(VDF-TrFE) with different
composition. Values are listed for the remanent polarization, P,, the coercive
field, E., and the Curie temperature, T, obtained from hysteresis loops, from
Differential Scanning Calorimetry (DSC) measurements and from literature
reports.’* 2 DSC measurements were performed with a Mettler-Toledo
822/400 DSC with a modular measurement unit using a heating rate of
10 K/min up to 200 °C.

VDETtFE P, (mC/m?) E.MV/m) T.(K) T.(DSC) T, (Lit.)

50:50 47 65 332 337 331
65:35 61 64 371 378 368
80:20 65 82 393 400 397

wire-bar coating from 4 wt. % solutions in cyclohexanone.
Substrate temperature was chosen as 80 °C to minimize the sur-
face roughness.”’*® Subsequently, films were annealed at
140°C for 2 h in vacuum to enhance the crystallinity of
P(VDF-TrFE) and, hence, to enhance its ferroelectric proper-
ties.” Ferroelectric hysteresis loops of comprising capacitors
are presented in Fig. 1(a). The values extracted for the rema-
nent polarization, viz. displacement at zero electric field, and
the coercive field, viz. electric field at zero displacement, are
listed in Table I. We observe an increase of remanent polariza-
tion with increasing VDF content in agreement with litera-
ture.”> The relative remanent polarization decreases with
increasing temperature as shown in Fig. 1(b). We arbitrarily
extracted T, as the temperature where the relative remanent
polarization has decreased by 50%. With increasing content
of VDF, T, shifts to higher temperatures. The values deter-
mined for 7, are confirmed with Differential Scanning

(R T

Current density (A/m?)
=}

10-4 PFO

Temperature (K)

Calorimetry (DSC) measurements, where 7, was obtained
from the maximum of the ferroelectric-paraelectric transition
peak in the second heating cycle. The values shown in Table I
are in good agreement with literature reports.* >

PTC thermistors were realized by combining ferroelectric
P(VDF-TTFE) with the semiconducting polymer poly(9,9-
dioctylfluorene) (PFO), purchased from TNO/Holst Centre.
P(VDF-TrFE) and PFO were dissolved in cyclohexanone in a
ratio 9:1. The blend solution of 4 wt. % was wire-bar coated at
80°C on glass substrates comprising bottom electrodes of
50nm Au with a 2nm Cr adhesion layer followed by annealing
at 140 °C for 2 h. The film thickness amounted to about 300 nm.
An Atomic Force Microscopy (AFM) height image of a result-
ing blend film is presented in Fig. 2(a). The surface roughness
amounts to about 10nm. The inset of Fig. 2(b) shows a sche-
matic cross-section. The microstructure exhibits the characteris-
tic morphology of a phase separated blend and consists of
bicontinuous columnar PFO domains embedded in the P(VDF-
TrFE) matrix as experimentally verified by synchrotron X-ray
measurements™ and by scanning X-ray spectro-microscopy
measurements (STXM).>* The needle-like morphology of the
matrix is typical for semi-crystalline P(VDF-TrFE).*3°

Fabrication of PTC thermistors was finished by thermal
evaporation of Au top electrodes yielding a device area of
about 0.16mm®. The current voltage characteristics mea-
sured at ambient temperature are presented in Fig. 2(b).

The top Au contact is grounded and we sweep the bot-
tom Au electrode from OV to +20 V. The Au-PFO Schottky
contact is injection limited. At low bias the current density is

Au
P(VDF P(VDF
PFO
-TrFE) -TrFE)

Au

0
20 45 40 5 0 5 10 15 20
Voltage (V)

5 10 15 20|

FIG. 2. (a) AFM micrograph (height scale of 70 nm) of a phase-separated blend film of PFO and P(VDF-TtFE) (65:35). Measurements were performed using a
Nanoscope Dimension 3100 (Bruker). The film thickness as determined with a DEKTAK surface profilometer amounted to about 300 nm. (b) Current density
as a function of applied electric field at ambient temperature for the comprising memory diode. The measurements were performed in dynamic vacuum of
10~® mbar using a 4155B Semiconductor Parameter Analyzer (Agilent). The left inset shows a schematic cross-section of the thermistor illustrating the bicon-
tinuous domains of PFO embedded in a matrix of P(VDF-TrFE). The right inset shows the current density for positive bias in a linear scale.
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FIG. 3. (a) Current density of a ferroelectric diode as a function of temperature. The diode was poled in the On-state at ambient temperature and the current
density at +4 V was measured as a function of temperature up to 400 K and back (blue dots, lines are guide to the eye). The red triangles represent the current
density at +4 'V after poling the diode +20V for each temperature. In this case, a reversible PTC behavior is obtained. The arrows indicate the sequence of the
measurements. (b) Reversible PTC characteristics of thermistors with different composition of P(VDF-TrFE). Current density was again measured at +4 V
after poling at +-20 V. The transition temperatures correspond to the Curie temperature as can be inferred from Fig. 1(b).

low; the diode is in the Off-state. However, by increasing the
positive bias, the ferroelectric P(VDF-TrFE) gets fully polar-
ized at the coercive voltage, here around 10V. The stray
electric field between the polarization charges and the com-
pensating charges in the electrode then effectively eliminates
the injection barrier. The contact becomes Ohmic*® and
the current density increases by orders of magnitude. The
diode is in the On-state. The ferroelectric polarization does
not change upon sweeping back to 0V. Hence, the diode
remains in the On-state. Since the diode is symmetric, we
observe a comparable curve for negative bias, where the
top Au electrode is the injecting contact. As the bistable
diode can reversibly be switched between the On-state and
the Off-state it has been used as a non-volatile bistable
memory.2237-45

Here, in order to realize a PTC thermistor, we make use
of the temperature dependence of the On-state current den-
sity. We first poled the thermistor at ambient temperature in
the On-state. Then, we measured the current density at +4 'V,
while gradually increasing the temperature up to 400 K and
back, as indicated by the blue dots in Fig. 3(a). The blue
arrows indicate the sequence of the measurements. The cur-
rent density remains constant up to the 7. of P(VDF-TrFE)
(65:35). Due to the depolarization of the ferroelectric, the
diode then switches to the Off-state and the current density
drops by orders of magnitude. Upon cooling down the diode
stays in the Off-state and the current density stays low,
because the ferroelectric remains unpolarized. We repeatedly
observed an anomalous increase of the Off current density at
around 335 K. We note that a phase transition of PVDF at
that temperature has been reported by dilatometry.*® The
microscopic origin is as yet unknown.

The diode behaves as a fuse and can be reset by poling
at room temperature as indicated by the light blue arrow in
Fig. 3(a). In order to obtain reversible PTC behavior the con-
ducting state has to be recovered at each temperature. This
can be achieved by poling the diode before each read-out.

The red triangles in Fig. 3(a) represent the current den-
sity at +4 'V after poling the diode at +20 V for each temper-
ature. The poling procedure itself, such as the pulse time and
length, is not critical. The curves for heating and cooling
coincide meaning that the PTC behavior is indeed reversible.
The transition temperature corresponds to the Curie

temperature as can be concluded from Fig. 1(b). This shows
that the origin of the switching type PTC behavior is the
ferroelectric-paraelectric transition of P(VDF-TrFE) at the
Curie temperature. This is confirmed by varying the compo-
sition of the ferroelectric copolymer P(VDF-TrFE). In Fig.
3(b) the current density at +4 V is plotted as a function of
temperature for different VDF:TrFE ratios. For each mea-
surement the diode was first poled at +20 V. Reversible PTC
behavior is obtained. The transition temperature increases
with VDF content, which corresponds to the increase of 7.,
as can be inferred from Fig. 1(b) and Table I. The hysteresis
in the measurements is similar to that observed in the DSC
measurements and can be minimized by adjusting the proc-
essing conditions and the poling protocol. For example, the
smaller hysteresis for VDF:TrFE 65:35 in Fig. 3(b) (orange
curve) as compared with Fig. 3(a) (red curve) is realized
using a larger poling time.

The PTC concept presented here works as long as the
microstructure consists of bicontinuous columnar domains of
PFO embedded in a matrix of ferroelectric P(VDF-TrFE).
Experimentally, we did verify this microstructure in thin
films with a thickness up to 500 nm. The resistance scales
with the thickness. But as the Curie temperature is not
changing with thickness, the value of the temperature coeffi-
cient is thickness-independent.

In summary, we have demonstrated a switching type PTC
thermistor. The robust thin film PTC is based on a bistable fer-
roelectric diode, where the current density through the semi-
conductor is governed by the polarization of the ferroelectric
polymer. The operational mechanism of the thermistor relies
on the ferroelectric-to-paraelectric transition of the ferroelec-
tric copolymer at the Curie temperature. Upon depolarization
of the ferroelectric polymer at the Curie temperature, the cur-
rent density of the thermistor exhibits a non-linear decrease.
The decrease of the current density, which is equivalent to an
increase of the resistance of the thermistor, is reversible prov-
ing PTC behavior. We have shown that the switching temper-
ature of the thin film PTC thermistor can be tuned by varying
the composition of the ferroelectric copolymer, since the com-
position itself determines the Curie temperature.
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