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ABSTRACT

Temperature measurements are used in many industrial applications as a tool for
controlling or monitoring a process. In batteries, temperature is an important
parameter to make sure the charge and discharge is performed efficiently and,
thus, enlarge the lifetime of the device.

Holst Centre developed a flexible printed NTC thermistor, based on a Manganese-
Nickel ceramic dispersed on a polymer matrix, that has the accuracy as well as the
electrical and mechanical performance needed for such task but presents 2 main
disadvantages: only PI films are used as flexible substrate because of the curing
temperature of the NTC composite (above 200 ℃) and performance of the sensor
is affected by humidity.

A solution based on an epoxy-ceramic composite was presented to tackle the issues
mentioned above. The implications of changing the polymer in the formulation
were studied by assessing the percolation limit of the new composite and un-
derstanding the influence of pressure as well as the electrode design. Humidity
stability was tested based on the properties of the epoxy and the electrode mate-
rial.

Results showed that the epoxy permitted lowering down the curing temperature of
the NTC ink (down to 180 ℃) which allowed to increase the range of materials to
be used as flexible substrates (PEN, PET). Influence of humidity in the sensor’s
performance decreased with the new composite but is still present (changes in
thermistor’s resistance due to humidity, but not temperature, are above 1%).

Further optimization of the formulation or an external humidity barrier should be
considered for future works.
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1 INTRODUCTION

Measurement of temperature, for its monitoring or control, is an important task
for domestic as well as industrial applications. It has an impact in different fields
like health (human body temperature can determine its health condition), ma-
terial processing (reach melting point in metals, reach enough temperature for
thermoforming in plastics), food or beverage processing (linked to its quality and
as an important factor for bulk production), electronic systems (monitoring of the
device’s condition), etc.

Temperature can be understood as the average kinetic energy of atoms or molecules
in a system. Its measurement is normally done indirectly by assessing the change
of a physical property of the material that changes with temperature. For exam-
ple, in a mercury-in-glass thermometer, the working fluid, mercury, expands as
temperature increases and a temperature value can be obtained depending on the
volume expansion inside the glass tube.

Several different sensors were developed to properly measure temperature through
different physical properties though the characteristics of each device differ in
terms of accuracy, range, sensitivity, etc. The selection of a specific device will
depend on the application’s requirements.

These sensors can be divided in 4 general types: thermistors, thermocouples,
integrated circuits and RTDs (resistance temperature devices). Below on table
1.1, it can be seen a comparison between these devices [1][2].

Table 1.1: Performance overview of different temperature sensor types.

Characteristics Thermistors Thermocouples Integrated circuits RTDs
Range (℃) -50 to 250 -270 to 2000 -50 to 150 -200 to 650
Linearity Exponential Nonlinear Linear Linear
Response time (s) Fast (0.1 to 10) Fast (0.1 to 10) Fastest (below 0.1) Slowest (1 to 50)
Accuracy (±℃) 0.01 to 1 0.5 to 5 1 0.01 to 1
Parameter measured Resistance Voltage Voltage or current Resistance
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Thermocouples work using the seebeck effect by measuring the voltage difference
between two conducting materials that form an electrical junction. The voltage
difference arise from the electromotive force developed by a temperature difference
between the dissimilar materials and can be used to calculate temperature. Even
though its working mechanism allows it to avoid the need of an external excitation,
it is self powered, getting an accuracy in the range of decimals of a degree Celsius
is difficult [3].

In the case of integrated circuits, they are semiconductor devices that use the
current and temperature characteristics of a transistor. For example, voltage
difference in the base-emitter of two transistors is proportional to their absolute
temperature if operated at constant but different collector current [4]. Due to
being mechanically delicate, they are more suited for embedded applications, inside
equipment.

In both RTDs and thermistors, their resistance changes with temperature. In
the case of RTDs, a metal, like platinum, nickel or copper, is used as the active
material with a temperature dependent resistance (with a high temperature co-
efficient, resistance increases as temperature increases). With the thermistor, a
semiconductor is used. The semiconductor’s material can have either a positive
or negative temperature coefficient (resistance increases as temperature increases
with the positive coefficient and resistance decreases as temperature increases with
the negative coefficient) [5].
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1.1 Problem Background

As mentioned at the start of this section, temperature sensors are used in different
industrial applications that require energy storage in fields like photovoltaic solar
energy, electric power vehicles, grid electricity and power stations, etc. Battery,
as a type of energy storage, is desired due to its capability of a fast transition, less
than a second, from a standby state to a full power state when wanted.

In this sense, temperature sensors play a major role in assessing the condition of
batteries as they would in any other electronic system.

Charge and discharge of a battery involve several stages that with appropriate
monitoring and control can lead to getting the highest performance or efficiency
of the battery , which is the role of a battery management system (BMS).

For example, in Li-Ion batteries, which are used in consumer electronics and elec-
tric vehicles, there are four stages in its charging phase [6][7], see figure 1.1.

Figure 1.1: Charging stages in a Li-Ion battery [6][7].

The first stage is of pre-charge, where the voltage rises, at a constant current, to
the value wanted. Second stage is of saturation, where the voltage is maintained
constant while current decreases, here the battery is being charged. Once the
current falls below 3%, battery has reached a fully charge state and the voltage is
turned off, this is the ready stage. Finally, there is a topping charge stage when
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the battery has been in a standby mode for a long period of time and the voltage
has dropped and needs to be returned to its previous set value.

Controlling both voltage and current are linked to the battery’s temperature.
Having a temperature outside the wanted range in each stage can lead to a poor
charge of the battery and can harm its life expectancy (a temperature below
the wanted range leads to a slow charge and a too high temperature leads to a
hazardous situation). As a consequence, special attention is wanted on the ambient
temperature around the battery and on the increase of the battery’s temperature
during standard charging (around 5℃ in Li-Ion batteries) or during fast charging
scenarios where a certain temperature can not be exceeded without degrading the
battery’s performance.

Depending on the chemistry or composition of the battery, different acceptable
working temperature ranges are needed. For example, in lithium cobalt oxide
batteries, the upper temperature threshold is between 130 and 150℃ before it
reaches a dangerous situation, like an explosion. In lithium nickel manganese
cobalt oxide, the threshold is between 170 and 180℃.

This implies the need for a refined control and monitoring, from the battery man-
agement system, on each battery cell’s temperature condition in a pack. This can
be achieved by having multiple temperature sensors mounted on the battery cell’s
body or electrical terminals, see figure 1.2

Figure 1.2: Monitoring of battery cell’s condition through mounted temperature
sensors [6].

As for the selection of a proper temperature sensor, it will depend on the applica-
tion. In the case of batteries used for electrical vehicles, the general requirements
for the sensor are the following:

• Temperature range from -40℃ and 150℃.
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• Flexible sensor that can be mounted and adjusted to the battery cell’s sur-
face.

• Accuracy between ±0.1℃ to ± 0.5℃.

From table 1.1, it can be seen that a thermistor fulfills these requirements.

In the next section, the thermistor’s characteristics and working principle will be
further explained, specifically on negative temperature coefficient (NTC) thermis-
tors. Furthermore, background on a solution from Holst Centre with its current
issues will be shown. A possible optimization will be addressed as well, which is
the aim of the present work.

5



2 NTC THERMISTOR

The characteristic behavior from a NTC thermistor can be traced back to 1833,
when Michael Faraday noticed the resistance of silver sulphide decreasing as tem-
perature was increasing. In the following century, a similar observation was made
in transition-metal oxides like NiO. This followed several attempts to take advan-
tage of this behavior and use it as a way to measure temperature. This includes a
patent filed in 1930 from Samuel Ruben of a pyrometer device using copper oxide
(Cu2O) [8], an invention filed in 1935 from Walter Schottky as to the fabrication
of a thermonegative resistor using a homogeneous ceramic (Cu2O or UO2) though
there were some issue with stability due to the material’s stoichiometry leading
to changes in resistivity [9] and the influential research from Philips Research
Laboratories in ceramic NTC thermistors (late 1940s) regarding spinel type struc-
tures and the properties related to the structure-composition. Further interest
has been put since then to improve the stability of different ceramic and metal
compositions (Cr2O, NiMn2O4, CuFe2O4, ZnMn2, for example), improve the
temperature range as well as the accuracy [1][10].

2.1 Structure

Even though a NTC thermistor is not tied to a specific composition or ceramic
family, the structure is centered on spinel types.

The spinel term is originally attributed to the structure of the mineral MgAl2O4
and similar minerals with the formulation of AB2X4. This refers to X anions (like
oxygen or other chalcogenides) arranged in a cubic or isometric lattice and cations
A and B placed in tetrahedral and octahedral interstices, respectively, where the
tetrahedra share corners with the octahedra and the octahedra share edges betwee
each other. There are 8 AB2X4 units per unit cell, see figure 2.1. The distance
between B cations is the shortest so it will determine the electrical conductivity.
An inverted spinel would have the B cations in the tetrahedral sites and the A
cations in the octahedral sites.
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Figure 2.1: Spinel unit cell of the mineral MgAl2O4. Oxigen is in red, Aluminum
is in blue and Magnesium is in yellow. The respective octrahedral and tetrahedral
sites can be seen as well [11].

Apart from the spinel structure, there are others that have been studied: per-
ovkites in the form of AB03 and pyrochlores in the form of AIII

2 BIV
2 07. They will

not be addressed as they are not part of the present work.

2.2 Characteristics

The two most important parameters of any NTC thermistor are its beta coefficient
(B) and resistance at 25℃ (R25). They come from the conduction mechanism
within the NTC material.

As semiconductors form part of the composition, doping level determines the
charge carrier concentration and it will not be affected by temperature; how-
ever, the charge carrier mobility will be as temperature will affect the number of
electron-phonon collisions within the material. The temperature dependence of
the resistivity can then be explained by the following Arrhenius equation:

ρ(T ) = 1
σ

= ρ∞e
Ea
kT (2.1)

Where ρ(T ) is the resistivity dependent on the temperature, σ is the conductivity,
ρ∞ is the resistivity at infinite temperature or independent of temperature, Ea is
the activation energy, T is the temperature and k is the Boltzmann’s constant.

The activation energy is wanted in the range of 0.15 and 0.5 eV for the device to
be useful as a temperature sensor [11]. This parameter can then be grouped with
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the Boltzmann’s constant as a characteristic of the ceramic material itself. In the
case of ρ∞, it will be affected by the geometry of the thermistor. With this in
mind, the previous formula can be expressed as:

R(T ) = Ae
B
T (2.2)

Where R(T ) is the resistance dependent on the temperature, A is the characteristic
resistance of the material independent of the temperature and based on the fixed
dimensions of the thermistor and B is the Beta coefficient of the material or its
constant.

Beta coefficient can be found by measuring the resistance at two different tem-
peratures. Normally, the temperatures chosen are 25℃ (resistance measured at
this point would be the R25 parameter) and 85℃, though different values can be
chosen depending on the temperature range needed for the specific application.
Calculation of the beta coefficient is then obtained from the slope of the 2 mea-
sured points (dividing the difference of the natural logarithm of the 2 measured
resistance by the difference of the 2 inverse temperature values). This can be seen
in the following formula:

β =
ln(RT 1

RT 2
)

( 1
T1

) − ( 1
T2

)
(2.3)

Where β is the beta coefficient, T1 is the first temperature setting in Kelvin, T2
is the second temperature setting in Kelvin, RT1 is the resistance at the first
temperature setting in ohms and RT2 is the resistance at the second temperature
setting in ohms.

In figure 2.2, it can be seen the R-T behaviour (resistance vs temperature) at
different Beta values but with the R25 value (intersection of all the curves). Values
from 2000 and 5000 K are common in the industry for sensing applications as values
too low or too high can lead to little sensitivity to changes in temperature [1][12].

To summarize, tailoring the Beta coefficient (material composition) will affect the
sensitivity of the thermistor while tailoring the R25, by fixing the geometry, will
shift the curve to the temperature range wanted.
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Figure 2.2: Resistance vs Temperature behavior in NTC thermistors at different
Beta value coefficients [1].

2.3 Conduction mechanism

To finalize with the brief description of NTC thermistors, it is important to men-
tion the conduction mechanism within the device. Since semiconductors are used
as materials, the electrical flux happens from electrons moving inbetween ions.
This is described as electron hopping mechanism, electrons attracting positive
ions and repelling negative ions while moving through the lattice [11].
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2.4 Holst Centre’s novel composite thermistor

In the previous section, it was mentioned the necessity for a flexible temperature
sensor that could adapt to the topology of the battery cell’s surface and mea-
sure its temperature. For wearable applications, printed electronics are a suitable
candidate as they have the mechanical properties needed while preserving the elec-
trical characteristics within the requirements of the application. This is achieved
through screen-printing or dispensing techniques on flexible substrates. Examples
of flexible temperature sensors can be found in literature with focus on health
monitoring [13][14].

Using a NTC ceramic sensor has the drawback of unsuitable mechanical proper-
ties, due to high stiffness, for flexible applications. However, a composite NTC ink,
comprising the ceramic dispersed within a polymer matrix, printed on a flexible
substrate is an optimal solution as the NTC ceramic provides the electrical prop-
erties, whereas, the polymer matrix or binder provides the mechanical properties.

Holst Centre developed a novel composite [15] that competes with industry’s cur-
rent NTC temperature sensors [16] in terms of performance. It has a Beta coeffi-
cient of 3400 K and R25 of 100 kohm

The ceramic came from a manganese spinel oxide (ABO4 type oxide), consistent
of a mixture of Mn2O3, NiO, Co3O4, CuO and ZnO [17][18][19]. The material se-
lected to act as matrix is a commercial binder precursor such as benzocyclobutene
(cyclotene 3022-35 from Dow Chemicals).

2.4.1 Material processing and preparation

Due to confidential information, certain parameters are not shown but the overall
process steps are still explained.

In terms of pre-processing of the material, the NTC ceramic or ceramic powder
was obtained after being mixed on a roller bench for a day. For homogenization
purposes, a dispermat bead mill with Zr marbles was used. Then, the material
was placed in an oven overnight to dry. A mortar and pestle were used to break
up agglomerates and the resulting powder was sieved through a 325-mesh sieve.
For the activation of the ceramic, the powder was calcined in a high temperature
air oven for 2 h and mixed again on the roller bench overnight. Moreover, the
powder was mechanically pressed into pellets (40 mm wide) and sintered for 24 h
and furnace cooled. Finally, the powder was obtained by grinding it with tungsten
ball mill and sieved with a mesh of 45 um. Additionally, the sieved particles were
passivated by submersion of particles overnight in a solution of phosphonic acid in
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isopropanol. The particles were then vacuum filtered over filter paper and rinsed
with isopropanol. The powder was then dried overnight in an oven. The particle
size distribution of this material can be seen figure , as this same powder was used
for the development of the present work.

Figure 2.3: Particle size distribution of the ceramic powder.

Kapton sheets of 125 um in thickness were chosen as flexible substrate. They
passed through a pre-heating stage in an oven to compensate for shrinkage during
the curing of the NTC ink, this will be further explained in the NTC ink mixture
section.

Silver was chosen for the electrode material (DuPont 5025) so that it could be
screen-printed on the substrate. Geometry followed a typical interdigitated (IDE)
design. Thickness of the silver electrode is of 10 um and its curing followed industry
standards (120 ℃ for 10 minutes)

The binder had to go through a separate process before mixture with the ceramic
powder as its solvent was not suitable for screen printing. Due to its low boiling
point (165 ℃) and high vapor pressure (2 mmHg), high shear rates from the effect
of the squeegee on the ink as it is being pushed through the screen mesh can cause
particles to aggregate faster and thicken the ink. Thus, reducing dramatically the
"screen time" of the ink until it is too thick to be printed or uniformity of the
film is not within the tolerances of the screen mesh anymore. To solve this issue,
the solvent from the binder was evaporated through rotary evaporation and then
replaced with 1-methylnaphthalene, that has a higher boiling point (244 ℃).

The method to confirm that the 1-methylnaphthalene was adequate to replace the
solvent in the cyclotene was through viscosity measurements of the final mixed
ink at different shear rates (from 1-1000 1/s) every 15 minutes until 1 hour was
reached. If initial viscosity is maintained in time in the range wanted, then it
is safe to assume the ink is suitable for screen printing in that period of time
(1 hour), though further understanding of the ink behavior for longer periods of
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time was not studied. Furthermore, for the initial viscosity, a value within an
order magnitude different of standard commercial silver inks for screen printing
was looked for (20 Pa.s). Ink had a stable viscosity of 100 Pa.s for 1 hour.

2.4.2 NTC ink mixture

Mixture consisted of:

• Ceramic powder.

• Cyclotene without its solvent.

• 1-methylnaphthalene as the new solvent.

A planetary mixer was used for 2 minutes and at 2000 rpm to mix the components
mentioned previously.

Curing of the NTC ink layer printed on top of the silver electrodes was done in
steps due to the binder requirements. First it was done at 95 ℃, followed by a
step at 150 ℃ and finally a curing step at 250 ℃ in an oven. The NTC layer had
a thickness of 45 um. On figure 2.4, a single printed NTC sensor can be seen.

Figure 2.4: Holst Centre’s flexible NTC thermistor.

2.4.3 Issues

Even though Holst Centre’s NTC composite proved to be suitable for screen-
printing without compromising on the performance of the sensor, there are still
some issues regarding the substrate used (kapton) and the sensor’s behavior in
extreme environmental conditions.

Curing temperature

As explained before, the binder used in the binary composite (cyclotene) has
requirements regarding high temperatures needed for proper curing (up to 250
℃). PI substrates,like Kapton, are suitable materials for this temperature but are
not desirable in the industry due to its cost and high water absorption. Choosing
other substrates that can handle that temperature will not be a good solution
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as the range of materials available is short and they will suffer from the same
drawback, cost.

A polymer like PEN or PET would fit the marketťs needs better; however, the
binder would need to be changed to allow a maximum curing temperature of 180
℃ that will not affect the polymer.

Humidity stability

Resistance drift in time as well as humidity effect on the performance are some
of the problems these type of printed NTC sensors can suffer from if they are not
properly encapsulated or the formula has not been properly optimized.

A high humidity test was performed to address the impact of extreme environ-
mental conditions on sensors without encapsulation. For this, a climatic chamber
was used.

The sensors were connected to dataloggers outside of the chamber that registered
the resistance of the sensors during the whole test, see figure 2.5. The climatic
chamber cycle consisted of a varying relative humidity from 50% to 85% and then
back to 50% every 100 hours. Temperature oscillated between 20 ℃ and 60 ℃
every 5 hours. The whole cycle lasted 300 hours (12 days).

Figure 2.5: Climatic chamber setup for high humidity test.

Results from the test can be seen in figure 2.6. Normalized resistance values are
shown in red and blue (for 2 types of Holst Centre’s NTC ink) but in both of them
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the behavior is the same. After the first humidity cycle (in black), the resistance
does not go back to its initial value. There is a shift around 8% in the resistance
value. This shift keeps happening in following humidity cycles. Furthermore, the
resistance seems to follow the humidity (resistance increases as humidity increase
and resistance decreases as humidity decreases) in each cycle even though the
temperature (in green) does not. This change in resistance from the influence
of humidity but not from temperature can lead to the reporting of a different
measured temperature from the thermistor (an offset of even 1 ℃ would already
fall out of the accuracy expected from these types of sensors).

Figure 2.6: NTC composite response at a continuous change of temperature and
humidity for 12 days [20].

Even though the cyclotene selected for the current NTC formula has hydrophobic
properties, using Kapton as a substrate (because of the high curing temperature
conditions) has the opposite effect. Furthermore, the material used for the elec-
trodes (silver) is an active metal that can react in harsh environmental conditions.
All these factors could have contributed to the behavior seen in figure 2.6 but it
is important to understand which factor in contributing the most.

Several encapsulation methods were also tested like the use of lamination between
glasses or by printing barrier layers used for solar cells [21]. Humidity effect
improved but still the change in resistance compromised the sensor’s performance.
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2.5 Epoxy-ceramic based NTC thermistor

Changing the binder could help tackle both of the issues explained before. An
epoxy based binder is a suitable candidate due to its low curing temperature
(below 200 ℃) and because it can also act as a humidity barrier (this has been
widely used in the industry in encapsulation applications).

One epoxy was selected from a supplier’s catalogue as it complied with what was
explained in the previous paragraph. The curing process consist of putting the
sample at 150 ℃ for 30 minutes and then increased the temperature up to 180 ℃
and hold it for 1 hour. Ideally, a maximum curing temperature of 150 ℃ would be
preferred to have wide range of available substrates but some PEN and PET foils
can handle a temperature of 180 ℃ so it is still suitable for the current application.

Main components of the epoxy cannot be disclosed but consist of:

• Resin A.

• Resin B.

• Hardener.

• Solvent.

Amount for each component follows the recommendation of the supplier and they
are mixed in the planetary mixer for 1 minute at 2000 rpm (enough time for
deaeration).

2.6 Research questions for an epoxy-ceramic based NTC temperature sensor

Both the problem and possible optimization path has been stated so far. In this
sense, the aim of the present work is to understand 2 topics in the epoxy-ceramic
NTC thermistor solution:

• Investigate the effects of the amount of ceramic vol% in the NTC ink mixture,
the effect on the electrical properties from external pressure applied on the
sensor, the effect of electrode geometry on the epoxy-ceramic composite.

• Understand the effect of humidity on an epoxy based solution as well as
the role of electrode material and how much it contributes to the humidity
dependence of the NTC ink.

In the next sections, methods to assess the previous questions will be explained,
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results from the tests will be presented and a discussion of the results and conclu-
sions drawn will be shown.
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3 METHODS

Before going into the different tests planned for the epoxy formulation, it is im-
portant to discuss the procedure done to prepare each sample and how it was
characterized/calibrated before and after every test.

In figure 3.1, there is an overview of the steps followed to prepared the NTC
samples and characterize them.

Figure 3.1: Overview of sample preparation and characterization.

Silver electrodes were first screen-printed on PEN sheets that can withstand a
temperature of up to 180 ℃ (Q65HA [22]). Silver material was the same used for
Holst Centre’s flexible NTC thermistor (Dupont 5025). A 10 um layer with an
IDE design was printed and cured at 120 ℃ for 10 minutes.

For the epoxy-ceramic mixture, an analytical balance from Waagenet with a pre-
cision of 0.0001 g was used to make sure the amount per component stays the
same or as close as possible every time a sample is prepared. Since only a couple
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samples are prepared at a time, 1 g of ink is mixed every time. A planetary mixer
was used for the mixture, settings were 2 minutes at 2000 rpm.

To apply the ink on the silver electrodes, screen-printing is not possible as a new
screen mesh would need to be prepared every time there is a change in design.
Stencil-printing was selected, using a stainless steel foil (150 um in thickness) and
blade as a squeegee tool (even though mylar is commonly used as a material for
the stencil, stainless steel is preferred so as to avoid reactions with the solvents
used for cleaning). Curing of the samples is then done in an oven.

For the characterization, since the stencil-printing is done manually, thickness of
the samples has to be measured as there is no tolerance from the printing process.
Dektak is used for this purpose and the average value of a section of the profile is
taken, see figure 3.2.

Figure 3.2: Thickness measurement of a NTC sample on the electrode region using
Dektak.

Finally, to characterize the electrical properties of the sensor, resistance should
be measured at two temperature points (see equation 2.3 for calculation of the
Beta coefficient). Accuracy of the temperature settings is important so a water
bath was chosen since it is easier for temperature to be kept homogeneously in a
fluid. The heater used to control the water temperature is the Anova AN400-20
which has a temperature accuracy of +-0.1 ℃. Samples are put inside a plastic
bag and then submerged in the water bath, leaving the connection leads outside
for resistance measurement with a multimeter.

Resistance of the samples are linked to its geometry, which is why thickness is
measured in every sample. In this sense, instead of comparing the resistance
values from the multimeter between each sample, volume resistivity should be
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taken into account to get rid of the thickness difference between samples. This
resistivity is calculated as the following [23][24]:

ρv = Rv
A

T
(3.1)

Where ρv is the volume resistivity in ohm.cm, Rv is the volume resistance measured
by the multimeter, A is the area of the electrode and T is the thickness of the
electrode.

For the area calculation, even though the NTC ink is printed to cover completely
the width of the IDE shape, only the region in between the silver electrodes will
contribute to the performance of the thermistor [25]. Find this area is easy as the
dimensions of the IDE and stencil printing area are known (fingers of 300 um in
width and distance of 300 um between electrodes), see figure 3.3.

Figure 3.3: IDE electrodes in gray with the NTC ink printed on top (dark area).
In yellow is shown the active region that contributes to the functioning of the
thermistor and from where the area, for resistivity calculation, is taken from.

3.1 Functional granular composites

The weight ratio for the ceramic powder, cyclotene and solvent mentioned in NTC
ink mixture section, was obtained through iterations and part of a research before
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the start of the present work. A more systematic process was approached for the
new binder to avoid several tests. Literature on functional granular composites
(FGC) was looked into in order to understand how the mechanical properties of
polymers combine with the electrical properties of the ceramic [11][26][27].

FGC can be divided by the degree of connectivity between the two or more com-
ponents in the composite. Physical properties may change depending on how the
components are connected, so special attention should be put if there is a specific
characteristic that should be maintained. The degree of connectivity can be de-
scribed with a 2 digit syntax in which the first one is related to the connectivity
of the ceramic and the second one to the connectivity of the polymer binder (or
epoxy matrix in the case of the present work). The syntax value refers to how
many dimension is connected to, see figure 3.4 (thinking of 3 dimensions or axis
relates to properties like conductivity or permitivity).

Figure 3.4: Syntax of connectivity between components in functional granular
composites.

0-3 composites are the easiest to produce as the dispersion of the ceramic par-
ticles within the polymer matrix is done randomly; however, this leads to low
connectivity of the ceramic and limits the functional properties of the composite.
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1-3 composites, on the other hand, have a ceramic connectivity in at least one
dimension or in columns, which leads to easier conduction paths and easier access
to the functional properties of the particles.

As connectivity increases, so does the functional properties. 3-3 composites rep-
resent the best 3D connectivity. At the same time, achieving greater connectivity
involves more complex processes.

If a 1-3 composite is wanted, it could be achieved by structuring via dielectrophore-
sis (DEP); however, due to equipment limitations during the present work and
the mixture process explained previously (use of planetary mixer for dispersing
the ceramic particles in the epoxy matrix), the composite 0-3 will be kept for the
following tests.

In this sense, to overcome the disadvantages of a 0-3 structure (low particle con-
nectivity), the proper volume ratio between the ceramic particles and the epoxy
matrix must be found.

Having a larger volume of the binder in the mixture would mean better mechanical
properties of the ink as it will become more flexible easier to apply through screen
printing. However, less ceramic volume content also means the overall resistance
of the composite will increase. On the hand, increasing the ceramic content helps
with conductivity and better electrical performance but it also means the ink will
become more brittle and, as a consequence, lead to a loss of connection between
electrodes from constant use. A trade-off in the electromechanical properties is
needed when adjusting the proper volume ratio between the ceramic powder and
the epoxy binder.

The minimum amount needed before loss of the ceramicťs functional properties is
know as the percolation limit or critical volume, see figure 3.5. Knowing this limit
will help understand at which volume the conduction paths formed within the
ink are good enough for proper connectivity between the electrodes in the NTC
sensor.
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Figure 3.5: Percolation limit or critical volume in a functional binary composite.

5 different volume ratios were prepared to find the percolation limit of the mixture.
The ceramic volume contents were: 50 %, 40 %, 35 %, 30 % and 20 %. SEM
pictures were taken to verify if cluster or agglomerates of the ceramic powder
forms at higher volume fractions as well as the distance between particles and
understand why a characteristic like resistance would change depending on the
amount of ceramic volume in the mixture.

3.1.1 Composite model

One way to understand the degree of connectivity is through the Lichtenecker
model. It is based on Wiener’s theory about the lower and upper limits of a
specific property in a composite consisting of 2 phases [28]. Even though in the
referred literature, the model is used for the effective dielectric function, it can be
adapted to other properties like conductivity [11].

The upper and lower limits for resistivity (or conductivity) in a binary composite
can be associated to the parallel and series addition models, see figure 3.6.
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Figure 3.6: Upper limit (represented by factor n=1) and lower limit (represented
by factor n=-1) in resistivity in the form of ideal series and parallel connectivity,
respectively, in a binary composite [11].

In these approximation, the series connectivity assumes the filler (ceramic com-
ponent in green) and matrix (epoxy component in black) are stacked in layers,
interleaved, in between the electrodes in gray. This represents the worst possible
connectivity between the two components at every ceramic volume fraction in the
composite. This can be represented by a factor n with an upper limit of 1.

The parallel connectivity assumes the filler and matrix are stacked vertically, with
the filler having direct connection to the top and bottom electrodes. This repre-
sents the best possible connectivity between the two components at every ceramic
volume fraction in the composite. This can be represented by a factor n with a
lower limit of -1.

To properly model this two extreme scenarios, and any others in between, the
following formula can be used (which uses the Lichtenecker’s rule as how to bridge
a series connectivity and a parallel connectivity in a binary composite):

ρn
c = φρn

NTC + (1 − φ)ρn
p (3.2)

Where ρc is the resistivity of the composite in ohm.cm, φ is the volume fraction
of the ceramic, ρNTC is the resistivity of the ceramic in ohm.cm (value is 20 000
from Holst Centre’s previous work), ρp is the resistivity of the matrix or polymer
in ohm.cm (value is 1E+11 from supplier) and n is a factor that can go from -1
(parallel scenario) to +1 (series scenario)

This model was plotted with the resistivity values taken from the samples at 5
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different volume ratios to understand in which type of connectivity the mixture
was at.

3.2 Particle-to-particle contact

Once the optimal volume ratio between the ceramic powder and the epoxy has
been defined, it is important to further understand the influence of the mixture
in the overall resistance of the ink and understand how can the conductivity be
improved (depending on the application of the temperature sensor).

Even though the electrical properties are dependent on the ceramic properties,
the conductivity will be affected as well by how the conduction paths between
particles were formed within the binder matrix.

In this sense, the overall resistance will depend on the composite resistance, elec-
trodes resistance, particle-to-particle resistance, resistance across one particle, the
number of particles in a conduction path and the number of paths in the mixture.

From the resistances mentioned in the previous paragraph, most of them can be
simplified by assuming a cubic packaging in the composite (particles per path
and number of paths can be assumed by geometry factors; electrode and particle
resistances are dependent on the raw material) leaving the particle-to-particle
resistance as the main contributor to the NTC ink electrical properties.

The particle-to-particle resistance can be further divided into 3 factors which will
be briefly analyzed in the following sections.

3.2.1 Constriction resistance

As 2 particles come into contact to form the conduction path, only a section of the
surface of the sphere that touches the other sphere allows the flow of electricity
even though the whole sphere surface is capable of doing it and, as a consequence,
there is a loss of energy in the form of resistance.

The constricted flow of electricity can be explained from the decreased diameter
dimension available when 2 particles are in contact, see figure 3.7.
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Figure 3.7: Constriction resistance [11].

By controlling the size of the particles, the influence of this resistance can be
reduced but the size is already defined in the available raw material as part of the
pre-processing, see figure 2.3. Tests on how to improve this resistance will not be
part of the present work.

3.2.2 Tunneling resistance

In the previous section, the physical contact between 2 particles was mentioned.
However, in reality, each particle will have an insulating layer around its surface
that must be overcome before flow of electricity can take place, see figure 3.8. This
can be due to the ceramic powder being an active material that when exposed in
an air environment can oxidize to some degree. Moreover, residues during the pre-
processing of the powder could also explain the insulting film around the particle.
Finally, the binder itself can as well insulate the conductive spheres.

Figure 3.8: Tunneling resistance [11].

Even though the presence of this insulating layer influences the overall resistance,
the effect can be ignored as only a thick layer could avoid electron tunneling to
take place. Tests on how to improve this resistance will not be part of the present
work.

3.2.3 Deformation dependent resistance

In the constriction resistance section, the influence of the contact area between
2 particles was explained. However, if there is a force, or a pressure, applied to
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the particles and they are pushed together, then the contact area increases and
the conductivity can improve. On the other hand, if the force instead pulls the
particles apart, the contact area decreases, or even breaks, and the conductivity
can decrease, see figure 3.9.

Figure 3.9: Scenario on the bottom left shows particles being pushed together
because of an external force/pressure. Scenario on the bottom right shows particles
being pulled apart because of an external force/pressure.

In this sense, a test with applied pressure on 2 samples was performed to assess
which of the two scenarios is more likely to occur when an external pressure is
applied to the NTC thermistor (for example, when the sensor is mounted on the
battery cell’s body).

This was done with the aid of a thermal bonding device that can apply a pressure
up to 0.55 MPa. The equiment is calibrated with a loading cell so that a relation
between pressure and force can be established, see figure 3.10.

For each sample, different pressure values were applied until the maximum was
reached (every 0.1 MPa), resistance was measured after each pressure and resis-
tivity was calculated and plotted.
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Figure 3.10: Thermal bonding device.

SEM pictures were taken before and after the test to verify if the distance between
particles decreased or increased from the pressure applied and correlate them with
the resistance measurements.

3.3 Electrode geometry effect on resistivity and connectivity of the NTC tem-
perature sensor

In [29], the influence of the electric field in the electrode design was analyzed.
Knowing that the resistance is linked to grain and grain boundary withing the ink,
the thicker the NTC ink gets, the more the grain boundary resistance becomes
dependent on the distribution and intensity of the electric field applied to the
electrodes. Furthermore, since electron hopping conduction is the main type of
conduction within the NTC sensor (seen in NTC thermistor section), a higher
electric field effect could help improve the electron mobility and thus reduce the
overall resistance and improve the linearity in the R-T behavior of the sensor.

To test whether the electric field can be used as another way to improve the
electrical properties of the sensor, simulations on Ansys were performed. Differ-
ent geometries were looked at in order to understand how can the electric field
distribution could be improved while maintaining the same electrode width and
distance between electrodes in every design (300 um). 8 configurations with ex-
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pected different influence on the electric field were reached, see figure 3.11. To
properly compare the results of each design, only the active region is taken into
account and volume resistivity is calculated.

Figure 3.11: Electrode geometries. From left to right, IDE electrode design, ser-
pentine design, spiral design, concentric design, spike design, fractal Hilbert design,
fractal Moore design and fractal Peano design.

The IDE design is taken from Holst Centre’s design as it will be used as reference
for the other designs. This finger-type geometry is typically used in printed ther-
mistors as you can have a bigger active region between the electrodes than you
would have with planar electrodes in the same area [30][31][32].

The serpentine design have been used for applications where a higher capacitance,
from a larger active region, than the standard IDE could be achieved (applications
related to capacitive sensors) [33][34][35].

The spiral design is used as well in some temperature sensors [33]. Though the
active region may be larger than the IDE one, it is expected that the electric field
will not have a stronger distribution on certain sections as the whole geometry is
uniform (different from the finger-tip sections in the two previous designs).

The concentric (or ring-shaped) and spike (or radial) design were taken into con-
sideration as they have been studied for applications regarding ER effect (elec-
trorheological effect, change of viscosity in response to an applied electric field)
where the impact of the geometry of the electrodes with the electric field was
assessed [36]. Furthermore, they were also studied in electrochemical capacitive
applications [35][37].

Fractal designs have been studied for use in microcapacitors. Typically an IDE
design is used but findings show that fractal shapes are desirable due to a larger
active region for an enhanced electrochemical performance and lower energy loss
in ion-transport (higher energy density). These shapes have a larger amount of
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open and rough edges that have better edging effect (lateral electrical flux) when
compared to the fingers of the IDE design [38], see figure 3.12. For fractal Hilbert,
Moore and Peano; the concept is of a continuous fractal space-filling curve in a
specific region.

Figure 3.12: Comparison between IDE and fractal design with electrical lines at
the edges [38].

For the simulations, Maxwell equations were used with a voltage applied of 10 V .
Silver electrodes were simulated on top of a PI substrate. A vacuum box covering
all the elements was also used to minimize influence of the atmosphere.

3 samples of each design were then prepared and connected to a source me-
ter(Keithly 2610A) so that voltage from 1 to 10 V could be applied. Resistance
was measured every 1 V and resistivity was calculated for comparison between de-
signs (active region is different in each design so this was also taken into account
for the resistivity calculation).

3.4 Humidity stability

As mentioned previously, one of the advantages of using epoxy in the NTC for-
mulation is that it has some encapsulation properties and could potentially act as
a humidity barrier.

To verify this, 3 samples were prepared and put in a climatic chamber for testing.
The cycle used can be seen in figure 3.13. The humidity cycle (in red) goes from 50
RH% up to 90 RH% and then returns back to 50 RH%, in steps of 10 RH%. The
temperature cycle (in green) goes from 20 ℃ up to 60 ℃ and then returns back to
20 ℃. The climatic chamber is set so that 2 temperature cycles happen for each
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humidity step. Duration for the complete test is of approximately 100 hours (or
4 days). Resistance of the samples is measured during the whole test with the aid
of dataloggers outside the climatic chamber (same setup used for Holst Centre’s
NTC thermistor humidity test).

Figure 3.13: Climatic chamber settings for high humidity test.

Additionally, to assess the influence of a high humidity environment on the elec-
trode material, 3 more samples were prepared, but with nickel-gold coating for the
electrode, to be put in the climatic test as well, see figure 3.14.

The rationality behind this is that gold has better corrosion resistance and wear
resistance (when alloyed with nickel) than silver with still high electrical conduc-
tivity (though lower than the silver’s one) [39]. Being an inert metal, it can be
expected that the effect of a high humidity environment on the electrode will be
much lower as it is not an "active" material like the silver electrodes are.

By keeping the same electrode shape and NTC formulation (with the optimal
volume ratio of the ceramic and epoxy already found), it can be properly compared
with the silver samples and understand the effect from the electrode material in
humidity stability.
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Figure 3.14: IDE electrode printed on a PI substrate and with a nickel-gold coat-
ing.

31



4 RESULTS

4.1 Percolation limit

On figures 4.1 and 4.2, the resistivity and Beta coefficient, respectively, at different
ceramic volumes can be seen. A stable low resistivity is achieved in the range of
40 to 50 % ceramic volume concentration. For lower concentrations, resistivity
increases rapidly which means the composite is losing the electrical properties
from the ceramic powder and gaining more properties from the epoxy matrix. In
the case of the Beta coefficients, a stable 3400K is maintained in the range of 35
to 50 % ceramic volume concentration. Similarly, for lower concentrations, there
is a rapid decrease. It should be noted that for the rest of the tests, formulation
was kept at 40 % of the ceramic volume.

Figure 4.1: Resistivity at different ceramic volumes (20 %, 30 %, 35 %, 40 % and
50 %).
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Figure 4.2: Beta coefficient at different ceramic volumes (20 %, 30 %, 35 %, 40 %
and 50 %).

On figure 4.3, the Lichteneker model is used to understand the degree of connectiv-
ity of the samples. At 40 %, the n factor is of -0.1 approximately which shows that
the NTC mixture is not close to the best possible connection (parallel connection
or n=-1) nor in the worst possible connection (series connection or n=1).

Figure 4.3: Lichtenecker model fit with resistivity at different ceramic volumes.

In figure 4.4, the SEM pictures at every ceramic volume percentage tested are
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shown. From the EDS analysis, the epoxy (red region from carbon atoms) and
the NTC ceramic (green region from manganese atoms) can be distinguished more
easily. Additionally, it can be seen clearly that larger concentrations (40 to 50 $)
present more aggregates of the ceramic particles forming conduction paths than in
the lower concentrations, which are mainly isolated islands of the ceramic particles
(explaining the behaviour of resistivity vs ceramic volume concentration).

Figure 4.4: SEM pictures and EDS analysis of NTC samples in the electrode region
at 5 ceramic volume concentrations.

4.2 Pressure influence

From figures 4.5 and 4.6, it can been seen that resistivity consistently increases
with the amount of pressure applied to the samples and the change is irreversible.
The SEM pictures with the EDS analysis shows that pressure has broken some
of the conduction paths formed before any pressure was applied and has isolated
some clusters of ceramic particle within the composite, which explains the increase
in resistivity.
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Figure 4.5: Resistivity of 2 samples with an external pressure applied.

Figure 4.6: SEM pictures and EDS analysis before and after maximum pressure
was applied on sample A.
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4.3 Electrode design influence

In figure 4.7, the ansys simulations for all the designs are shown. As expect, the
spiral design shows the weakest field distribution whereas the spike design shows
the highest (due to the sharp tips). The rest of designs show similar values so a
proper distinction can not be done. As this simulation was meant for a qualitative
comparison rather than a quantitative comparison, what is being looked for is if
there is a specific design that could potentially enhance the electrical performance.

Figure 4.7: Electric field simulation with different electrodes designs.

In figure 4.8, behavior of every design at different voltages is shown (average from
the 3 samples prepared per design). Similarly to the simulation, the spiral design
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has the highest resistivity (or lowest electrical performance). Most of the other
designs have better conductivity than the standard IDE (except the serpentine)
which could not be properly concluded in the simulation. However, the spike
design does not show the best conductivity expected from the strongest electric
field distribution in the simulations.

Figure 4.8: Resistivity vs Voltage for all electrode designs.

4.4 Humidity stability

In figure 4.9, it can be seen that the resistance follows the humidity behavior even
though the temperature inside the chamber is kept the same. Referring to the
change of resistance between 50 RH% and 90 RH%, it is of 3 % approximately
(this is an average from the 3 samples tested). Furthermore, after the humidity
cycle was completed, there is a shift of resistance of 7 % from its starting value
(this is an average as well from the 3 samples tested).
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Figure 4.9: Resistance measurement during climatic chamber cycle of epoxy-
ceramic NTC thermistor with silver electrodes. Temperature is in orange, re-
sistance measured is in green and humidity is in purple.

In figure 4.10, it can be seen that the resistance still follows the humidity behavior
even though the temperature inside the chamber is kept the same. Referring to the
change of resistance between 50 RH% and 90 RH%, it is of 1.5 % approximately
(this is an average from the 3 samples tested). Furthermore, after the humidity
cycle was completed, there is a shift of resistance of 6.5 % from its starting value
(this is an average as well from the 3 samples tested).

Figure 4.10: Resistance measurement during climatic chamber cycle of epoxy-
ceramic NTC thermistor with nickel gold electrodes. Temperature is in orange,
resistance measured is in green and humidity is in purple.
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5 DISCUSSION

5.1 Percolation limit

From the percolation graph, figure 4.1, it can be estimated that the percolation
limit should be between 35 and 40 % of ceramic volume. Even though there is not
a clear or sudden switch from a conductor behavior, large ceramic concentration,
into an insulator behavior, large epoxy concentration, the trend is towards high
resistivity for percentages below 40. This differs from Holst Centre’s original
formulation with the cyclotene as binder. Any future change in the binder material
implies going through the same systematic approach as in the percolation limit
section to understand how the ceramic powder will disperse in the binder matrix.
As to the current epoxy solution, 40 % of ceramic volume is the ideal formulation.
However, this formulation is suitable for stencil-printing applications. If screen-
printing is wanted, a new epoxy solution should be looked into as the ink is still
too thick for automated screen-printing.

It is important to note as well that with this formulation, the Beta coefficient is of
approximately 3400K, which is the same as Holst Centre’s original NTC thermistor
[15]. This means that the main electrical properties of the ceramic power were
still kept even though the binder was changed.

From the Lichtenecker model, getting a degree of connectivity in between the upper
and lower limit, correlates to the randomness of the ceramic powder dispersion in
the epoxy matrix after mixture in the planetary mixer. This can lead to issues
when trying to launch a commercial sensor, since the random mixture will differ
from batch to batch and will affect the R25 from batch to batch as well. This does
not mean that the thermistor will not work properly, but it implies that individual
calibration curves will be needed. Stabilizing the mixture process is a crucial step
before thinking of a commercial product.

Finally, the SEM pictures showed how critical the formation of conduction paths
between ceramic particles are because of the direct effect they have on the resis-
tivity and, therefore, the electrical performance of the device.
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5.2 Pressure influence

Reason for the breakage of the conduction paths, seen in the SEM pictures, from
pressure can be attributed to the NTC layer being too brittle. This is important
to point out as it means the sensor is susceptible to loss of performance if it is not
mounted with caution on the surface of a system it is supposed to be measuring
its temperature (this applies to any housing or encapsulation mounted directly on
the NTC region as well).

Furthermore, from the theoretical part, it was possible to improve the electrical
performance of the device with external pressure applied, but from the tests it is
clear that the opposite scenario is more likely to happen. In order to push particles
closer together, a different setup should be taken into account.

5.3 Electrode influence

Electrode design does have an effect on the electrical performance of the device,
mainly from 2 factors: increasing the active region in the smallest possible area and
improving the electrical flux at sites shaped for a higher electric field distribution
(edging effect). This was specifically seen with the spiral design as it had an
uniform electric field along the its whole active region that translated into having
the worst in conductivity.

With the spike design, even though there is improvement in the conductivity, it
was not as dramatic as shown in the simulations. This can be explained from
the fact that the strong electric field simulated at the sharp tips are small when
compared to the distance of 300 um between electrodes, thus, it can not be fully
used to improve the charge carrier mobility from the tips to the opposite electrode.

On the other hand, the fractal Peano design had the best conductivity. This could
be explained due to having a larger electrode area than the other designs and, as
a consequence, having several spots of high electric field in its fingers that can be
fully used by the NTC layer.

Additionally, if the electrode design can help enhance the electrical properties of
the thermisor, it means a higher amount of epoxy can be included in the for-
mulation so that the mechanical properties improve (more flexibility) without
compromising the electrical part.
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5.4 Humidity stability

Even though the humidity effect on the NTC thermistor could not be completely
overcome with the epoxy binder, the degree of influence was lowered down in
both initial irreversible shift in resistance (from 8 % to 7 % approximately) and
change in resistance at 90 RH% (from 5 % to 3 % approximately). The epoxy
helped encapsulating the device but it is too thin and not sufficient. An external
encapsulation layer or humidity barrier is needed.

As for the nickel gold electrodes, the performance is much better than the silver
electrodes, though still it is affected by humidity. However, this can be attributed
to the NTC layer rather than the electrodes because they did not suffered from
oxidation as in the case of the silver electrodes (seen by the change of color in the
silver tracks). Gold is an optimal material for this application but in terms of cost
could become an obstacle when industrialization of the sensor is needed.

Only when the resistance change, due to humidity, is below 1 %, the device can be
properly industrialized as this tolerance competes with current industry sensors
in terms of lifetime and aging behavior.
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6 CONCLUSIONS

An epoxy-ceramic based NTC thermistor is a suitable option for lowering down
the curing temperature and get access to a wider range of flexible substrates (PEN,
PET) without comprising the electrical performance of the original formulation
(Beta coefficient of 3400K).

The influence of the amount of the ceramic power in the binary composite was
understood and a systematic approach to find an optimal formulation when the
composite changes was found (percolation limit).

External pressure was found to be harmful for this specific epoxy solution due to
the NTC’s brittle nature.

The electrode design can be used to enhance electrical properties of the thermistor
when the binder properties are strong in the composite.

Role of the electrode material in high humidity conditions was understood and
quantified. Encapsulation properties from the epoxy binder were found to be
insufficient to act as a humidity barrier so further protection is needed.
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