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Abstract
Nitrogen oxides (NOx) are considered harmful gases because of their contribution to
acid precipitation, smog formation and their roles as greenhouse gases. The main NOx
emission come from combustion processes (for instance in automobiles). Strategies are
developed to combat NOx emissions but the absence of means to detect NOx
concentrations selectively, fast, cost-effectively and in a fast way is hindering effective
usage of these emission-control strategies.
Potentiometric NOx sensor have shown potency to fulfill this detection role in
automotive and other environments. Most sensors rely on stabilized zirconia
electrolytes that have high ionic conductivity and a suitable combination of electrodes
to produce an electric potential across the electrodes that is a function of NOx
concentration.
Nanotechnology is based on the premise that materials obtain interestingly different
characteristics at small length scales compared to bulk materials. Therefore, it is
interesting to investigate the behavior of NOx sensors with thin film electrodes.
Deposition is done by means of Pulsed Laser Deposition (PLD) in this research.
ZnFe2O4 and NiO have been identified as suitable sensing electrode materials based on
literature. These have been combined with a Pt reference electrode to form a NOx
sensor.
Pt electrodes have been deposited at different pressures and target-substrate distances
( dt − s ) in an attempt to obtain porous films, suited as electrodes. Deposition at
pressures above 1 mbar yielded porous layers for all used dt − s . Poor adhesion of these
porous layers to the substrate render them unsuitable for actual sensor applications
however.
The effect of an increase of deposition temperature of ZnFe2O4 layers on their
microstructure and crystallinity was found. At room temperature no cubic ZnFe2O4
was deposited and layers seemed dense. Deposition at 300 °C showed some cubic
phase and columnar growth behavior. Deposition at 300 °C showed more cubic phase
and a dense layer with larger grains than at room temperature.
Annealing of ZnFe2O4 layer deposited at room temperatures showed no change in
crystallinity up to 900 °C and the emergence of Fe2O3 and Fe3O4 phases at 1200 °C.
After annealing at 1200 °C the thin film had transformed into smaller islands on the
substrate.
A gas flow setup for the characterization was built, automated and characterized in
terms of delay time and transition time for changes in gas composition. A delay time of
10s and a transition time of 3.4s were determined for a total gas flow rate of 150
ml/min.
Two sensors were characterized and showed a positive response to increasing
concentrations of NO2. This response could not be fitted with linear or logarithmic
functions. O2 cross-sensitivity at 200 ppm NO2 were determined for both sensors.
Response time could not be determined adequately at the used measurement protocol.
Comparison with literature therefore remained difficult.
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Introduction

Over the last decades awareness has grown that we as mankind can severely influence
the environment in which we live. Together with this awareness comes the realization
that in these few decades the growth of the earth’s population and general level of
wealth has caused several complicated problems. Among the problems that are
commonly accepted as being caused by mankind are the depletion of the ozone layer,
global warming and acid precipitation.
Acid precipitations are a serious threat to many ecosystems as well as to sandstone
structures, which erode more quickly due to acid rain. Surface waters become more
acidic, causing fish and insects to die. Soils acidify, which kills certain types of
microbes, leaches away nutrients and minerals from the top soil and mobilizes toxins.
Acid precipitation is caused by gas phase reactions of sulfur dioxide or nitrogen oxide
(NOx) with hydroxyl radicals available in the air, resulting in sulfuric acid and nitric
acid.
Nitrogen oxide (NOx) is a general term that is applied to a multitude of oxides of
nitrogen (from NO to N2O5) but is most commonly used to specify the total of nitrogen
monoxide (NO) and nitrogen dioxide (NO2). This definition for nitrogen oxide will be
used throughout this report. Besides the earlier mentioned acid precipitation, nitrogen
oxide is also a greenhouse gas and a contributor to smog formation.
Nitrogen oxide is formed primarily in combustion reactions when burning nitrogen
containing fuels, where the nitrogen is released as a free radical, which is then able to
react with the oxygen present in the combustion gases or the atmosphere. At elevated
temperatures (above 1600 °C) nitrogen oxide can also be formed when using fuels that
contain no nitrogen due to the reaction of nitrogen with oxygen radicals, oxygen with
nitrogen radicals or nitrogen with hydroxyl radicals[1].
The internal combustion engine is still the power source for all but a few road vehicles
and as such can be a major contributor to the emission of nitrogen oxide. Since 1975
cars have been equipped with catalytic converters which convert harmful gases to less
harmful ones. The most commonly applied type of catalytic converter is the three-way
converter, which catalyses the oxidation of carbon monoxide and remnant fuel as well
as the reduction of nitrogen oxides:
This kind of catalytic converter works best when the engine is working in
stoichiometric conditions, that is when the air to fuel ratio is such that (in theory) all
the oxygen in the air is used to burn the available fuel. For fuel that is equivalent to
octane and at sea level this works out to a mass ratio of 14.7 to 1, air to fuel[2]. If this
air to fuel ratio differs from stoichiometry then there will be either unburned fuel or an
excess of oxygen, leading to reducing or oxidizing conditions respectively. This
decreases the efficiency of the catalyst towards either the oxidizing or reducing
reactions and thereby increases harmful emissions.
As fuel prices rise and reducing carbon dioxide emissions becomes more important a
greater emphasis is placed on fuel efficient engines. A particularly useful technique is
the employment of so-called lean burn engines, in which far more air is admitted into

8
Introduction
the engine than required for the combustion reaction, yielding a higher fuel efficiency
due to higher compression ratios. This leads to an increase in oxygen content of the
exhaust gases, which in turn halts the reduction of nitrogen oxide at the three way
catalyst. Thus, the amount of nitrogen oxide emissions will be higher for these engines.
European regulations on NOx emissions are
becoming more and more strict every year as
shown in Table 1. As a result car
manufacturers have to find ways to reduce the
emissions of their vehicles to keep them legal
in the EU.

Table 1: European emission standards for
HD diesel engines[3]
Emission
Year
NOx (g/kWh)
standard
Euro III
2000
5
Euro IV
2005
3,5
Euro V
2008
2

To combat these NOx emissions several solutions have been developed, which either
limit the production of NOx by lowering the engine temperature (through exhaust gas
recirculation), convert NOx in the exhaust fumes continuously (by adding a reduction
agent such as ammonia or urea) or temporarily store NOx and convert it batch wise.
The ideal solution would be to monitor NOx concentrations in the exhaust gases –
directly in the exhaust ports (in a closed-loop setup to minimize NOx emission) and
before and after the adsorbent (to determine if it is functioning as desired).
For this purpose the development of nitrogen oxide sensors becomes critical.
Operating temperature and response time specifications differ for these two
applications. A higher operating temperature and a fast response time is required for
sensors in a closed loop engine management setup. Response time requirements are
lower for sensors measuring adsorbent effectiveness, but they are required to operate at
lower temperatures.
This research has focused on sensors suitable for adsorbent effectiveness monitoring.
Besides the application in the automotive industry a small, sensitive, durable and costeffective nitrogen oxide sensor would be applicable in many other fields, such as
industrial burners. Implementation in the automotive industry however is an extremely
testing application as size restrictions, lifetime expectancy, ease of use and costs weigh
heavily in this case. Solid state sensors could live up to these expectations.

1.1.

Objective

The aim of this work is to create an NOx-sensor that is sensitive to NOx gas over a
wide concentration range, insensitive to other species in the analyte gas (crosssensitivity) and preferably has a fast response to changes in NOx concentration.
Operational temperatures are expected to lie between 400 °C and 800 °C. The
electrodes are manufactured by using PLD technology to create thin film electrodes.
Electrodes need to be characterized with respect to their composition and structure.
Furthermore a system has to be developed which allows the sensors to be
characterized. This characterization system is to be automated, so that measurements
are easy to perform.
The characteristics of this sensor are to be compared to sensors that have electrodes
which are manufactured with conventional powder based production techniques.
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Theoretical background

In this chapter the theoretical background of the working principles of the sensor will
be described, as well as the techniques that were used to manufacture the sensor.
Paragraph 2.4 discusses the origin of ionic conductivity in stabilized zirconia. The
working principle of a potentiometric sensor is based on a change of the electromotive
force, for which the theoretical background is explained in paragraph 2.5. In paragraph
2.6 non-Nernstian sensor behavior and the concept of mixed potential are investigated
and a prediction for sensor response is made. In paragraph 2.7 the influence of the
electrodes on the sensor behavior is elucidated, a fixed oxygen potential reference
electrode is introduced and patterning methods for electrodes are discussed.
Concluding this chapter is paragraph 2.8, in which the pulsed laser deposition
technique is discussed that will be used to deposit the electrode materials.

2.1.

Types of solid state NOx sensors

Solid state NOx sensors can roughly be divided into several categories[4, 5]:
•
•
•
•
•

Potentiometric
Amperometric
Resistive
Impedance
Acoustic

The first two types respectively generate a potential across or a current through an ionconducting electrolyte whereas the latter three function on the basis of changing
material properties as a function of NOx concentration. This report will focus on
potentiometric NOx sensors as these are easier to manufacture than amperometric and
acoustic sensors and easier to read out than sensors based on impedance.
Resistive sensors are quite sensitive to pollution of the surface, limiting their lifetime
and therefore usability in automotive applications. It must be noticed however that
their initial performance is rather good.
All potentiometric NOx sensors are based on an ion-conducting electrolyte on which
two or more electrodes are placed. Most of these use a stabilized zirconia electrolyte,
which is zirconium dioxide which has been doped with yttria, scandia or calcia,
thereby transitioning the zirconia from the monoclinic to the cubic phase and inducing
oxygen vacancies - thereby giving the zirconia its oxygen conducting properties.

2.2.

Sensor Geometries

Many groups have researched the possibilities of potentiometric nitrogen oxide sensors
over the past years. Most of the research departs from the work on yttria stabilized
zirconia (YSZ) oxygen sensors[6] and thus much of the first research was done on
tubular sensors, which consist of a single end closed tube of stabilized zirconia with
electrodes on the inner and outer surface of this tube. The inner electrode is usually
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exposed to a gas with a known composition, also known as a reference gas, thus this
electrode is usually called the reference electrode.
The outer electrode then is exposed to a gas of which the concentration of certain
species is of interest and thus that electrode is known as the sensing electrode.
An example of such a commonly used geometry is shown in Figure 1.
Commonly the reference electrode
(RE) is exposed to a reference gas
(usually air) which is sealed from
the environment. A design
incorporating
a
closed
compartment is however very hard
to realize with thin film techniques.
A design for sensors based on thin
layers is a flat substrate with
electrodes on either side, as shown
in Figure 2. The usage scenarios
Figure 1: An example of a tubular sensor, side view
could be that either the entire
sensor is exposed to the same gas environment or that the reference electrode is
exposed to a reference gas and the sensing electrode (SE) is exposed to the target gas.
However, this design also faces some practical drawbacks, as the sample has to be
glued or clamped to the substrate holder in the deposition system, which will most
likely damage the already deposited layer on the backside of the substrate.
Therefore, a third design is considered, again based on a flat substrate, but with both
electrodes on one side, as shown in Figure 3.
Main advantages of this design are the ease of production and therefore low costs.

Figure 2: Example of a flat sensor, side view

Figure 3: Example of a flat sensor with both
electrode on one side, top view
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2.3.

Previous Research

The electrolyte material for potentiometric NOx sensors is usually yttria stabilized
zirconia (YSZ), as explained in paragraph 2.1. For bulk materials most characteristics
are quite well known and therefore most of the research focuses on optimizing the
electrode material, morphology and the overall sensor geometry.
Many materials have been tested as electrode materials, ranging from metals, via
simple oxides (such as NiO and WO3) to mixed oxides (spinel type oxides such as
ZnFe2O4 as well as perovskite oxides such as LaFeO3).
Zhuikov et al have published a review paper[3] in which a summary is given of the
oxide materials that had been used as sensing electrodes, as shown in Table 2. A report
by Miura et al.[7] shows the sensitivities of sensors equipped with different types of
simple oxide sensing electrodes combined to a Pt reference electrode (kept in
atmospheric air). Their results are summarized in Table 3.
Table 2: Typical examples of the SE materials for potentiometric mixed-potential type NOx
sensors reported by different authors[3]
Oxide sensing electrode materials

Operating temperature (◦C)

Measuring concentration (ppm)

Year of publication

WO3

500–700

5–200

2000

WO3

450–700

20–1000

2004, 2005

NiCr2O4

550–650

15–500

2001–2004

ZnCr2O4

550–650

20–500

2001–2005

ZnFe2O4

550–700

20–500

2002–2005

ZnO

550–700

50–450

2004, 2005

Cr2O3

500–600

100–800

1996, 2003, 2004

Cr2O3 + oxidation catalyst

500–600

20–1000

2000–2005

NiO

700–900

50–400

2004,2005

LaFeO3

450–700

20–1000

2001,2004

La0.8Sr0.2FeO3

450–700

20–1000

2004

La0.85Sr0.15CrO3/Pt

600–700

20–1500

2005

Tin-doped indium (ITO)

613

100–450

2005

La0.6Sr0.4Fe0.8Co0.2O3

500

100–600

2004

CuO+CuCr2O4

518–659

10–500

2005

Table 3: EMF (ElectroMotive Force) values to 400 ppm NO2 at 850 ◦C for the sensor using
following single oxide SEs in dry air (21 vol.% O2)[7]
Sensing electrode
ΔEMF (mV)
NiO
40.7
SnO2
19.2
TiO2
16.8
Ga2O3
11.0
Cr2O3
8.9
ZnO
5.4
Nb2O3
4.3
In2O3
2.1
Co3O4
0.4
Pt
0.1

A ΔEMF value of 52 mV was reported by Miura et al[8] for ZnFe2O4 in NO2 at 700 °C
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Based on these studies the materials chosen to use as electrodes in this research are
ZnFe2O4 and NiO. These materials have shown to give a large response to NOx.
Up to now, most of the electrodes were made by deposition of a layer of powder
(usually in a suspension) on the electrolyte material and sintering the powder to form a
more or less dense electrode. Thicknesses of these electrodes lay in the order of tens to
hundreds of micrometers. However, recent reports[9, 10] show that the thickness of the
electrodes plays an important role in their sensing characteristics such as sensitivity
and response time.
Therefore, it is very interesting to manufacture NOx-sensors using thin film (1-1000
nm thick layers) electrodes and possibly also thin film electrolytes.
For the deposition of thin films many techniques are available, such as PLD,
Molecular Beam Epitaxy (MBE), Chemical Vapor Deposition (CVD) or sputtering.
However, PLD has shown great versatility and ease of use over the last few decades
and has been used to grow many types of oxide, nitride and metal films.
PLD is a technique that relies on the ablation of a target material by means of laser
irradiation and will be fully discussed in paragraph 2.8

2.4.

Ionic conductivity in stabilized zirconia

Zirconia (zirconium oxide, ZrO2), has a monoclinic phase in its pure form at room
temperature[11]. At increased temperatures the crystal transitions successively to the
tetragonal and cubic form. The phase diagram can be found below, in Figure 5. This
phase diagram shows that for pure zirconia the transition from the monoclinic phase to
the tetragonal phase takes place at 1100 °C and the transition from the tetragonal phase
to cubic phase takes place at 2400 °C.
Substitution of a zirconium ion with another ion (of comparable ionic radius) can
stabilize the tetragonal or cubic form of the crystal at room temperature, preventing the
zirconia from cracking after it is cooled from the sintering temperature down to room
temperature. This cracking is caused by the volume expansion that takes place at the
transitions from monoclinic to cubic.
Doping with sufficient amounts of yttria (Y2O3) stabilizes the cubic phase. The
substrates used in this research are doped with 8 mol% Y2O3.The fluorite crystal
structure of the cubic zirconia can be seen in Figure 4.

Figure 4: Zirconia crystal structure

Figure 5: Phase diagram of ZrO2-Y2O3[11]
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Ionic conduction in the zirconia electrolyte is induced by the substitution of the
zirconium ion, which has a valency of +4, with a cation with different valency. The
solid state reaction that takes place when zirconia is doped with yttria is (in KrögerVink notation)[12]:
ZrO2

Y2O3 → 2YZr' + 3Oox + VO••

(1)

Thus, the incorporation of an oxide with a lower valency cation into zirconia will give
rise to the creation of oxygen vacancies. These oxygen vacancies make a hopping
mechanism possible for oxygen ions and thus greatly enhances the mobility of oxygen
in the crystal. It is not true however, that an increase in the amount of vacancies (that
is, an increase in the amount of dopant added) automatically increases the oxygen ion
mobility in the electrolyte, since unwanted defect associates formed at high doping
levels can restrict the mobility of oxygen ions and thereby decrease the ionic
conductivity.
The mobility of oxygen ions in the crystal can be expressed as[13]:

⎛ − Ea ⎞
⎟
⎝ kT ⎠

σ T = A exp ⎜

(2)

in which Ea is the process enthalpy and A is a material dependant pre-exponential
factor. If this pre-exponential factor A is expanded for the case of an oxide ionic
conductor in the extrinsic regime (carrier concentration is independent of temperature)
we get:
⎛ Z 2e2 ⎞ 2
⎛ ΔS m ⎞
A = Cγ ⎜
⎟ a0ν 0 exp ⎜
⎟
⎝ k ⎠
⎝ k ⎠

(3)

where C is the concentration of charge carriers, γ is a geometrical factor, Ze is the
charge of the carriers, a0 is the jump distance, ν0 is the jump attempt frequency and
ΔSm is the entropy of migration.
The concentration of carriers is considered to be determined by the amount of oxygen
vacancies in the crystal lattice and can be calculated from:

C = N 0 [VO•• ](1 − [VO•• ])

(4)

where N0 is the number of anion sites per unit volume and [VO•• ] is the concentration of
oxygen vacancies expressed as a site fraction. For small values of [VO•• ] equation (4)
can be reduced to:
C ≈ N 0 [VO•• ]
(5)

Not all oxygen vacancies can act as charge carriers because the created defects
(yttrium on a zirconium site, which has a net negative charge in the crystal, and the
oxygen vacancies with a net positive charge in the crystal) will be attracted to each
other and will form defect associates in the form of defect pairs, triplets, etc. For
instance, if CaO is doped into ZrO2 the following association reaction will take place:
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Ca''Zr + VO•• → (Ca''Zt VO•• ) x

(6)

These associates are immobile and are therefore detrimental to oxygen mobility in the
crystal. An optimum value of the amount of dopant towards the mobility of oxygen in
the crystal can be found as there will be competition between the creation of new
vacancies and the creation of more associates.
At a dopant level of 8 mol% Y2O3 the cubic phase is stable at room temperature, as
shown in Figure 5. This composition is commonly known as 8YSZ.
Consequently this material has been chosen as the substrate material on which the
manufactured NOx sensors have been built. In the rest of this report this is the material
that the term YSZ will refer to.

2.5.

Electromotive force

A gradient in the oxygen chemical potential across the electrolyte will give rise to an
electrical potential difference between those points. This electrical potential difference
is called the Electromotive Force (EMF) and an equation for this EMF will be derived
in this paragraph[14].
To probe the electrical potential difference across the electrolyte electrodes will have
to be applied. A common example would be platinum electrodes, so that the galvanic
cell that is constructed in that manner can be written as:
Pt', O 2 (p O2 ') / 8YSZ / Pt", O 2 (p O2 ")
A formula for the EMF can be derived by making use of the thermodynamic
equilibrium equations, which is only valid when the entire cell is in equilibrium.
However, it is also possible to derive a formula for the EMF by using the Wagner
theory, which assumes local chemical equilibrium. First the derivation using
thermodynamic equilibria will be demonstrated, after which the Wagner theory
derivation will be executed.

2.5.1. Derivation of the EMF in case of thermodynamic
equilibrium
The EMF as measured by a voltage sensor would be:
E = φPt' − φPt"

(7)

The electrochemical potential of the electrons in the Pt lead can be described as:

μePt = μePt − eφ

(8)

Because the chemical potential of platinum in both the leads is equal (that of pure
platinum) equation (7) can be rewritten as:

15

Thin film potentiometric NOx sensors by pulsed laser deposition

1
E = − ⎡ μePt ' − μePt " ⎤
⎦
e⎣

(9)

The equilibrium condition for transition of electrons from the platinum to the YSZ is:

μePt = μe

(10)

μe is the chemical potential of the electrons in the YSZ electrolyte. Since this holds for
both sides of the electrolyte equation (9) can be transformed into:
1
E = − ⎡ μe' − μe" ⎤
⎦
e⎣

(11)

This means that in fact the platinum leads act as probes for the chemical potential of
the electrons in the YSZ.
At the interface between electrode and electrolyte there will be an equilibrium between
the oxygen in the gas phase and in the bulk of the electrolyte:
⎯⎯
→ 2O 2−
O2 ( g ) + 4e ←⎯
⎯

(12)

When equation (12) is expressed in terms of chemical potentials this equation
transforms into:

μO + 4 μ e − 2 μO = 0

(13)

2−

2

If equation (13) is substituted into equation (11) the potential across the electrolyte can
be expressed in terms of the chemical potential of gaseous oxygen and oxygen ions:

E=

1 ⎡ '
1
μO2 − μO"2 ⎤⎦ − ⎡⎣ μO' 2− − μO" 2− ⎤⎦
⎣
4e
2e

(14)

Since the dominant defects in the YSZ are oxygen vacancies this means that when
dnO2− oxygen ions are incorporated into the crystal there are also dn V •• oxygen

{ }
O

vacancies that are eliminated from the crystal, in other words dnO2− = −dn V •• , or

{ }
O

expressed as partial differentials:
⎛ ∂G
⎜⎜
⎝ ∂nO2−

⎛
⎞
⎞
∂G ⎟
⎜
⇒ μO2− = − μ V ••
⎟⎟ = −
{O}
⎜ ∂n •• ⎟
⎠ p ,T
V
{
}
O
⎝
⎠ p ,T

(15)

The electrochemical potential of the oxygen vacancies in YSZ can be expressed as:
⎛ ⎡VO•• ⎤ ⎞

μ V = μ V + 2eφ = μ 0V + k BT ln ⎜ ⎣ ⎦•• ⎟ + 2eφ
{ }
{ }
{ }
⎜ 2 − ⎡V ⎤ ⎟
••
O

••
O

••
O

⎝

⎣

O

⎦⎠

(16)
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This electrochemical potential is approximately constant if there is no current through
the electrolyte. Due to the high concentration of oxygen vacancies in YSZ their
chemical potential is nearly constant, so that the electrochemical potential as described
in (16) is independent of the vacancy concentration and the electrical field for the
current circumstances. Thus the second term in equation (14) is cancelled out and
when the chemical potential of gaseous oxygen is written as:

μO = μO0 + k BT ln pO
2

2

2

(17)

the electrical potential between the two probes can be described as:
kT ⎛
E ≅ B ln ⎜
4e ⎜
⎝

pO' 2 ⎞
⎟
pO" 2 ⎟⎠

(18)

Equation (18) is a so-called Nernst equation, relating the EMF to the logarithm of the
ratio of the oxygen partial pressures at probed points of the electrolyte.

2.5.2. Derivation of the EMF using Wagner theory
A second method to derive the EMF is the Wagner theory that assumes local chemical
equilibria. In other words: the rate of the internal reaction with which the defects are
formed is assumed to be much larger than the rate of concentration changes due to
transport. Due to this assumption it is legal to assume local thermodynamic
equilibrium across infinitesimal elements in the electrolyte and thus to use the
associated equations.
The starting points for this derivation are the Onsager linear flux equations for all the
particles or defects:
Dc
(19)
ji = − Li ∇μi = − i i ∇μi
kbT
in which Li is the transport coefficient, Di is the self diffusion coefficient and ci is the
concentration of particle i. Possible interactions between (flows) of particles are
assumed to be negligible, as is visible in equation (19) where the flux of particle i is
dependant only on the electrochemical potential gradient of that particle.
An equation for the diffusion coefficient Di is given by the modified Nernst-Einstein
equation:
Di =

kbTui
zi qel

(20)

When equation (20) is substituted into (19) the general flux equation becomes:
ji = −

σi
zi2 e 2

∇μi

(21)
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So the specific flux equations for the transport of oxygen ions and electrons through
YSZ are:
jO2− = −

σO

∇ μ O 2−

2−

4e 2

je = −

σe
e2

∇μ e

(22)
(23)

In the stationary situation these fluxes are coupled in such a way that there is no charge
buildup in the electrolyte.

Σ zi ji = −2 jO2− − je = 0
i

(24)

When equations (22), (23) and (24) are combined this yields:
1
σ 2− ⋅∇μO2− = −σ e ⋅∇μe
2 O

(25)

The aforementioned postulate of local chemical equilibrium can be expressed as:
∇μO2 + 4∇μe − 2∇μO2− = 0

(26)

Using equation (25) we can eliminate ∇μO2− from equation (26), to find an expression
for the electrochemical potential of the electrons as a function of the chemical potential
of gaseous oxygen:
∇μ e = −

1 σ O 2−
1
∇μO2 = − tion∇μO2
4 σ O 2− + σ e
4

(27)

where tion is the fraction of the total conductivity contributed by the transport of
oxygen ions.
Integrating this over the thickness of the electrolyte yields:
μO'

1 2
μ − μ = − ∫ tion∇μO2
4 μ"
'
e

"
e

(28)

O2

As established in equation (11) the EMF of the YSZ electrolyte is related to the
electrochemical potentials of the electrons on both sides of the electrolyte, so that the
EMF follows from equation (28) as:
μO'

1 2
E=
tion d μO2
4e μ∫"

(29)

O2

In principle tion is a function of the chemical potential of oxygen and is dependant on
the defect chemistry of the solid. To perform the integration of equation (29) it is
essential to know this relationship. However, in case of a purely ionic conducting
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electrolyte there is a wide range of temperatures and partial oxygen pressures in which
the ionic conductivity is much higher than the electron conductivity ( σ ion σ e ) and
thus the transport number tion is 1. Once again expressing the chemical potential of
oxygen as μO2 = μO02 + k BT ln pO2 equation (29) is integrated into:
E=

'
kT ⎛p ⎞
1
μO' 2 − μO" 2 = b ln ⎜ O" 2 ⎟
4e
4e ⎜⎝ pO2 ⎟⎠

(

)

(30)

which is the Nernst equation as derived in the previous paragraph.
Thus, it is shown that the EMF is not only an equilibrium value, but also a dynamic
value of the galvanic cell.

2.6.

Non-Nernstian behavior

When a gas mixture consists of more than one oxidizable or reducible component
multiple electrochemical reactions can take place at the electrode surface and so the
electrode potential is determined by the rates at which the electrochemical reactions
take place. This phenomenon is called mixed-potential[15]. The concept was first
introduced by Fleming[16] to explain the non-Nernstian behavior of oxygen sensors in
the gas mixture of air and fuel (an oxidizable gas).
To illustrate, the behavior of a sensor where NO and oxygen are coexistent in a gas
mixture and Pt electrodes are used as both sensing and reference electrodes is shown.
The reference electrode is held in a controlled reference gas environment. In this case
the NO can influence the sensor in two ways.
First of all the NO may reduce the local concentration of O2 at the surface of the
electrode if this electrode works as a catalyst for the reaction (which is the case for
platinum electrodes and many oxide electrodes).
An important area for the electrode is the triple phase boundary (TPB), which is the
point at which electrode, electrolyte and gas phase are in contact.
The following reaction will take place (O’, NO’ and NO2’ denote molecules in the
vicinity of the TPB):
1
NO' + O'2 ⎯⎯
→ NO'2
(31)
2
Since this reduces the oxygen partial pressure near the triple phase boundary the EMF
across the sensor will be smaller than could be expected for the bulk oxygen
concentration. The cathodic reaction for the cell in that case is:
O'2 + 4e- ⎯⎯
→ 2O 2-

(32)

So, in that case the electrochemical cell can be expressed as:
PO' 2 , Pt | YSZ | Pt, PO2

(33)
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A second way in which the NO can affect the EMF measured by the cell is by reaction
with the oxygen ion from the electrolyte:
NO' + O 2- ⎯⎯
→ NO'2 + 2e-

(34)

In this case the electrochemical cell is expressed as:
'
PNO
, Pt | YSZ | Pt, PO2

(35)

At the sensing electrode both the reduction reaction (expression (32)) and the
electrochemical oxidation reaction (expression (34)) take place and determine the
potential of the sensing electrode. Similar deductions can also be made for oxidizing
gases. In that case the occurring reactions are:
2NO 2 + 4e- ⎯⎯
→ 2NO + 2O 2-

(36)

2O 2- ⎯⎯
→ O 2 + 4e-

(37)

A more complicated situation occurs when both electrodes are exposed to the analyte
gas or when the analyte gas consists of multiple components. The mixed potential is
established when the electron transfer rates of the oxidation reaction of the oxygen ions
and the nitrogen dioxide reduction reaction are equal[17]. These reactions occur at
different kinetic rates at the dissimilar electrodes as a result of which a potential
difference establishes across the electrolyte.

2.6.1. Predicting sensor response
Quantitative consideration about this mixed potential can be made by treating the
reaction rate limiting kinetics to be Butler-Volmer type[18]. This equation describes the
reaction rate (in terms of exchange current density) for an activation controlled
reaction, in which the rate of reaction is determined solely by the rate of the
electrochemical charge transfer process. This is an expression that is generally valid
for all overpotentials (the potential difference above the equilibrium value required to
produce a given current flow):
⎡
⎛ α nF ⎞ ⎤
⎛ α nF ⎞
i = i0 ⎢ exp ⎜ A η ⎟ − exp ⎜ − C η ⎟ ⎥
(38)
⎝ RT ⎠
⎝ RT ⎠ ⎦
⎣
in which i is the exchange current density, η is the overpotential, n is the number of
electrons involved and α C and α A are anodic and cathodic transfer coefficients
respectively.
In case of large overpotentials one of the terms in equation (38) will become very
small and can be neglected, yielding so called Tafel-type behavior.
In the case of NO and O2 this yields[17]:
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⎛ −4α1 F ( E − EO02 ) ⎞
iO2 = iO02 exp ⎜
⎟⎟
⎜
RT
⎝
⎠

(39)

0
⎛ −4α1 F ( E − ENO
)⎞
0
iNO = iNO
exp ⎜
⎟
RT
⎝
⎠

(40)

in which E is the electrode potential, F is the Faraday constant, R is the molar gas
constant, T is the temperature, E0 is the equilibrium electrode potential, i0 is the
exchange current density and α is the transfer coefficient.
Equilibrium occurs when the reaction rates of these reactions are equal. The process
has been described as a four-electron process, although this is probably an oversimplification, since the number of electrons transferred during the rate-determining
step is unknown.
It is assumed that the exchange current density i will follow a power law behavior[17]
with respect to the concentration of the species, so that:
iO02 = − B1COm2

i

0
NO

= − B2C

n
NO

(41)
(42)

in which B1,B2, m and n are constants and C is the concentration of the species.
The mixed potential EM is defined as the potential at which the absolute values of the
exchange current densities are equal ( iO2 = iNO ) and thus equation (39) and (40) can
be equalized and solved for E=EMix, yielding an expression for the electrode mixed
potential:
RT
RT
(43)
ln CO2 − n
ln ( CNO )
Emix = E0 + m
( 4α1 + 2α 2 ) F
( 4α1 + 2α 2 ) F

( )

with:
E0 =

0
0
RT
B 2α1 EO2 + α 2 ENO
ln 1 +
4α1 + 2α 2 F B2
2α1 + α 2

(44)

Simplified, equation (43) can be expressed as:
*
Emix
= E0* − nA* ln C NO

(45)

with A* being a constant.
This logarithmical dependence of the electromotive force on the analyte concentration
is shown in many reports[15, 19, 20].
It should however be noted that the assumption of Butler-Volmer rate-determining
kinetics is not necessarily valid for all types of mixed-potential sensors. Garzon et
al.[17] consider the case where the reaction of the analyte is mass transport limited,
while the reaction of the oxygen is obeying Butler-Volmer kinetics. This again yields a
logarithmic correlation of the EMF to the concentration of analyte.
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The oxygen reduction kinetics can also be expressed as the low overpotential linear
approximation of the Butler-Volmer equation:

iO2 = i

0
O2

(E − E )
4F
0
O2

RT

(46)

When expression (46) is used for the oxygen reduction kinetics and diffusional mass
transport limitations are assumed to be the rate limiting factor for the analyte oxidation
reaction then a linear correlation can be found according to:
Emix = EO02 − RT

ADNO CNO
2 Bδ COm2

(47)

In conclusion it can be stated that the form of the EMF response to changes in the
analyte concentration is very dependent on the overpotential at the electrodes.
It should be noted that the effect of NO on the mixed potential is opposite in sign to
that of NO2 as NO is a reducing gas, where NO2 is an oxidizing gas. Thus, the sensor
response to a mixture of NO and NO2 will be smaller than the response to either of the
components separate.
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2.7.

Electrodes

In the previous paragraph the development of the EMF has been considered without
specifying details for the electrodes. However, as discussed by Di Bartelomeo et al.[21]
the electrode material and morphology plays an important role in the sensor’s
response. The mixed potential model is generalized into what is called a “Differential
electrode equilibria” -model, which not only takes into account the electrochemical
reaction, but also the electrocatalytic activity and the adsorption-desorption behavior of
the electrode. To get a better understanding of the influence of the electrode on the
sensing behavior of the sensor it is useful to summarize the reactions that can take
place.
At the electrode surface the following reactions can take place:
•
•
•
•
•

Adsorption/desorption
of
the
species
from
the
(e.g., NO(g)
NO(ads) )
Dissociation of the adsorbed species (e.g., O 2 (ads)
2O(ads) )

gas

phase

Ionization of the adsorbed species (e.g., O(ads) + 2eO 2- (ads) )
Diffusion of the adsorbed species to the triple phase boundary (TPB) (e.g.,
O 2- (ads, electrode)
O 2- (ads, TPB) )
Catalysis of gas phase reactions (e.g., 2NO + O 2
NO 2 )

In the bulk of the electrode there can also be diffusion of oxygen ions or other species,
depending on the material used for the electrode.
At the TPB there will be the exchange of oxygen ions between the electrode surface
OO ).
and the electrolyte (e.g., O 2− + VOii
The rate limiting step that determines the response time of the sensor could be any one
of the reactions mentioned above, but could also be determined by the ionic
conduction in the electrolyte.
The interplay of all these influences is a rather complex system. Zhuikov[22] has
attempted to model them mathematically, but it is still very complicated to make any
predictions or recommendations for the materials choice, morphology and geometry of
the electrode based on this model.
The electrode materials used, as mentioned in paragraph 2.3, are zinc ferrite (ZnFe2O4)
and nickel(II)oxide (NiO). Zinc ferrite is a spinel type material (Figure 6), while nickel
oxide has a rock salt structure (Figure 7).
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Figure 7: Rocksalt crystal structure[24]

2.7.1. Metal – Metal oxide reference electrode
In steel production metal-metal oxide reference electrodes have commonly been used
in determining oxygen partial pressures in melts. In this research a Ni/NiO reference
electrode has been deposited.
In a metal - metal oxide reference electrode the oxidation and reduction reactions of
the metal and its oxide take place:
1
NiO
Ni + O 2 (g)
(48)
2
An expression[25] for the Gibbs free energy change of the reaction as a function of
temperature is:
aNiO
1
ΔG o = − RT ln K a = − RT ln
= RT ln PO2
(49)
aNi PO2 2
Where Ka is the equilibrium constant and a is the activity of the species. Activities of
both Ni and NiO are equal to one in this case[25] and the activity of oxygen is equal to
its pressure.
The Gibbs free energy for reaction (48) can also be expressed[26] as:
1
ΔGTo = (318120 − 116T ln T )
2

(50)

Combining equations (49) and (50) yields:
RT ln PO2 = 318120 − 116T ln T

(51)

For T=873.15 K (600 °C) this yields PO2=9.95E-23.
Thus, as long as Ni and NiO coexist in the reference electrode the oxygen chemical
potential will be constant.
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2.8.

Pulsed Laser Deposition

As shown in paragraph 2.2 the chosen sensor geometry features two separate thin film
electrodes on an electrolyte. This requires the ability to deposit and pattern thin films.
Deposition is done by PLD and will be discussed in this paragraph. Patterning of the
electrodes is discussed in the next paragraph.

2.8.1. Principle
The thin film deposition technique used for this research was pulsed laser deposition.
The working principle for this deposition technique is the ablation of a target material
using a high power laser. This ablated material then forms a plasma and expands in the
direction of the substrate. On the substrate an amount of material condensates and
forms a film. PLD is typically carried out in a vacuum chamber that is evacuated to
remove impurities from the gas phase. Actual deposition is typically done at pressures
from 10-3 mbar to 10-1 mbar for oxides and at pressures from 10-3 mbar to 10-2 mbar for
metals. A background pressure is needed to reduce kinetic energy of the ablated
species to prevent substrate etching by highly energetic particles and induce
deposition.
In several of our depositions however, the pressure was increased up to 4 mbar, to
reduce the kinetic energy of the ablated species even more, with the goal of obtaining a
porous film.
The process of PLD can be described in four steps[27]:
•
•
•
•

Ablation of material from the target, leading to formation of a plasma
Expansion of the plasma and possible reactions in the plasma
Deposition of the ablated material on the substrate
Film growth on the substrate surface
Ablation

Ablation in the first step is done by focusing a pulsed laser on the target. At an energy
output of around 100 mJ per pulse (with a duration of 25 ns) at the surface of the target
this transfers 4 MW of power to a small surface (in the order of several mm2). Energy
densities (fluences) of 1 to 10 J/cm2 are sufficient to ablate most types of metals and
oxides. The optimal fluence varies for different target materials. Choosing too low
fluences leads to non-stoichiometric ablation whereas too high fluences lead to
abundant particle emission from the target (and therefore droplet formation on the
substrate).
The physical processes occurring during the irradiation of the target are beyond the
scope of this report, but the result of the laser irradiation is an expanding plasma of
species from the target. This plasma consists of atoms, ions, molecules, clusters of
atoms and particles[27].
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Expansion

The most important impact of in the application of a background pressure is that the
high energy particles are slowed down due to collisions with the background gas and
will have less energy as they condensate on the surface. This affects the diffusivity of
the deposited species on the surface which can be utilized to influence the morphology
of the grown films[27], as will be demonstrated in paragraph 5.2.
Deposition and film growth

The deposition and film growth on the substrate is primarily influenced by the
background pressure, the substrate temperature and the substrate surface (all of which
are parameters that influence the kinetic energy of the particles). Deposition takes
place due to a supersaturation in the plasma, inducing condensation of material on the
substrate. The composition and morphology of the surface will determine the available
nucleation sites, whereas the temperature influences the surface mobility of adsorbed
atoms and determines how the deposited material will crystallize.
For full oxidation of oxide films a background atmosphere of oxygen is applied.
An epitaxial relation between the grown film and the substrate, that is a film in which
the crystallinity is defined by the crystal structure of the substrate, can exist for a given
temperature range if lattice parameters for the film and substrate match within a certain
range.

2.8.2. Setup
A schematic of the PLD setup is shown in Figure 8. In this figure the vacuum chamber
is shown in which the substrate is mounted on a heater and the target is mounted on a
rotating shaft. The light from the laser passes through an optical system, which masks
the non-uniform part of the beam and focuses the remaining light on the target.
The used laser is a KrF excimer laser (λ=248 nm) (Lambda Physic LPX 210). The
laser has a maximum pulse energy of 1000 mJ and a repetition rate between 0 and
100Hz.
Experimental procedures are summarized in 3.1.2

Figure 8: A typical PLD setup[28]
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2.9.

Electrode patterning techniques

To create the electrodes on the electrolyte with a well defined surface area it is
important to select a proper patterning technique. A patterning technique can also be
useful in creating an electrode which is not a simple square, but a more complicated
shape (for instance to increase the available amount of triple phase boundaries in case
of a dense film).
Photolithography is a very commonly used patterning technique which can reach
critical dimensions down to 45 nm, depending on the techniques used.

2.9.1. Photolithography
The process (Figure 9) consists of coating the substrate with a layer of photoresist (a
photosensitive polymer) by means of spin coating. In spin coating several drops of
photoresist are put on the substrate (Figure 9.1) after which the substrate is spun to
create an evenly spread layer of about 1.3 micron thick (Figure 9.2).
This photoresist is illuminated through a mask to make part of the photoresist soluble
(Figure 9.3).
A developer fluid is then employed to dissolve the illuminated parts (Figure 9.4).

Figure 9: Photolithography

Two options exist to pattern electrodes using photolithography:
•
•

Liftoff
Etching

Thin film potentiometric NOx sensors by pulsed laser deposition
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2.9.2. Liftoff
Liftoff is a process (Figure 10) in which a patterned
layer of photoresist is made on a substrate by
photolithography before the electrode material is
deposited (Figure 10.1). After deposition (Figure 10.1)
the photoresist layer is dissolved in acetone, hence
removing the deposited material on top of the
photoresist. Only at places where there was no
photoresist, the material is left untouched (Figure 10.3).
The mask used is therefore a ‘negative’ of the pattern
created.
The biggest drawback of the liftoff process is that it
cannot be used at elevated temperatures (above 150°C)
because the photoresist would carbonize, rendering it
insoluble and impossible to remove.

Figure 10: Liftoff procedure

2.9.3. Etching
For high temperature deposition it is therefore necessary to use the etching approach to
patterning. In this case a layer of electrode material is deposited (at the chosen
temperature, Figure 11.1) after which a layer of photoresist is spun onto the deposited
layer. After patterning of this photoresist (Figure 11.2) (using a ‘positive’ mask) it will
serve as an etch resist protecting the underlying material from the etching environment
(Figure 11.3). Finally the photoresist layer is dissolved in acetone, yielding a patterned
electrode (Figure 11.4).
Sputter etching was used as an etching method. In this procedure a plasma of Ar+ ions
is created and accelerated toward the surface by an electric field.

Figure 11: Etching procedure
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Experimental

In this chapter the experimental procedures are reported.

3.1.

Electrode deposition

Suitable electrodes have certain characteristics:
• Porous
• Correct crystalline phase
• Good adhesion to substrate
PLD is a very versatile technique, in which many parameters can be adjusted
individually. Therefore it is important to find settings for fluence, pressure, targetsubstrate distance and deposition temperature that yield electrodes with the
characteristics summed up above.
Settings are already known for NiO and Pt, but not for ZnFe2O4. Fluence, pressure and
deposition temperature was varied for this material.
Previous work by Paul te Riele[29], showed gas phase particle growth in Pt deposition
for the pressure range from 1 mbar to 4 mbar at target-substrate distance from 40 mm
to 60 mm. Deposition in this range were performed to create highly porous Pt
electrode.
In the next three paragraphs an overview of the substrate treatment and deposition
parameters for ZnFe2O4 and Pt is given.

3.1.1. Substrates
The substrates on which the depositions were performed were
•
•

(001) Si single crystal substrates (P-type) – supplied by MESA+ cleanroom
facilities
(001) 8YSZ single crystal substrates - supplied by MTI corporation[30], sizes
were 10x10x1 mm3 or 10x10x0.5 mm3

Before deposition these substrates were cut into either 5x5 mm2 or 10x5 mm2 pieces
using a diamond saw. The substrates were ultrasonically cleaned (Branson 2510
ultrasonic bath) for 15 minutes in acetone and ethanol, successively. After each
cleaning step they were blown dry with nitrogen.

3.1.2. Deposition parameters ZnFe2O4 electrodes
For every different target material an optimum fluence (energy density per pulse)
exists, which needs to be determined before any useful depositions can be done.
An optimal fluences for the deposition of ZnFe2O4.was unknown. Therefore it was
determined by depositing ZnFe2O4 at different fluences and analyzing the deposited
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films and the target surfaces after deposition with SEM. Table 4 shows the deposition
parameters for the fluence determination of ZnFe2O4 targets.
Once the fluence is known it is of great use to measure the deposition rate of the target
material for a variety of pressures. Deposition rates are measured by using the liftoff
technique as described below in paragraph 2.9 to create features on a substrate. A high
density of features is desired as this makes it easier to find one with Atomic Force
Microscopy (AFM, see paragraph 3.3.1). From the height of the features a deposition
rate can be calculated. The deposition rate of ZnFe2O4 was determined for oxygen
pressures of 0.05, 0.1 and 0.2 mbar using the deposition parameters shown in Table 5.
In Table 6 the deposition parameters are recorded for the deposition of ZnFe2O4 layers
at different substrate temperatures.
Table 4: Deposition parameters for the fluence
determination of ZnFe2O4 targets
Constant

Table 5: Deposition parameters for the
determination of deposition rate for ZnFe2O4
Constant

Substrate

Si

Substrate YSZ

Target

ZnFe2O4

Target

ZnFe2O4

PO2

0,1

[mbar]

Fluence

3

[J/cm2]

O2 flow

15

[ml/min]

O2 flow

15

[ml/min]

T

20

[ºC]

T

20

[ºC]

dtarget-substrate

48

[mm]

dtarget-substrate 48

[mm]

Frequency

5

[Hz]

Frequency 5

[Hz]

#pulses
spot size
Variations
Sample
WB03
WB04

3000
2,6

[mm2]

#pulses
4500
spot size 2,6
Variations

[mm2]

Fluence (J/cm2)
2
3

Sample
PO2 (mbar)
WB06
0.1
WB07
0.05
WB08
0.2
WB05
4
Table 6: Deposition parameters for ZnFe2O4 at different temperatures
Constant
Substrate

YSZ

Target

ZnFe2O4

PO2

0,1

[mbar]

O2 flow

15

[ml/min]

dtarget-substrate

48

[mm]

Frequency

5

[Hz]

#pulses

18000

Spot size

1,95

[mm2]

Fluence
Variations
Sample
WB35
WB36
WB38
WB39

3

[J/cm2]

T (ºC)
20
300
600
20
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3.1.3. Deposition parameters Pt electrodes
The influence of target-substrate distance and gas pressure on the morphology of the
deposited layers was investigated for platinum. The parameters for these depositions
are shown in Table 7.
Table 7: Deposition parameters for Pt at different target-substrate distances and varying
pressures
Constant
Substrate

Si

Target

Pt

Temperature 20

[ºC]

Frequency

5

[Hz]

Spot size

1,95

[mm2]

Fluence

5

[J/cm2]

Variations
Sample

PAr (mbar)dtarget-substrate (mm)

#pulses

WB13
WB14
WB15
WB16
WB17
WB20
WB21
WB22
WB18
WB19

0,4
0,8
0,97
0,97
0,97
2
2
2
4
4

27000
27000
36000
36000
36000
36000
36000
36000
36000
36000

48
48
48
40
58
48
40
58
48
40

3.1.4. Gold sputtering
To assure a stable reference electrode, the Ni/NiO binary mixture must be properly
sealed from its environment. The oxygen impermeable seal must prevent oxygen from
flowing out or into the system, ensuring a long lifetime of the electrode.
Therefore the Ni/NiO electrodes were capped with a gold layer that is applied using
the AC sputtering technique. A Perkin-Elmer Sputtering system model 2400 equipped
with a gold target was operated at 150W and 700V bias voltage, yielding a deposition
rate of 25 nm/min. The substrate was attached to the substrate holder by using doublesided tape while the part of the substrate that was not to be covered with gold was
either covered with photoresist (for O2-sensor 1) or with a piece of Teflon tape.
Sputtering took place for 20 minutes to produce a gold layer of 500 nm thick.
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3.1.5. Manufactured sensors
The electrodes used on the sensors were deposited using the parameters mentioned in
Table 8. The row for Ni/NiO describes the deposition parameters for the constant
potential reference electrode as described in paragraph 2.7.1.

Gas

Table 8: Deposition parameters for the electrode materials
Pt
Ni/NiO (RE)
NiO
ZnFe2O4
Ar
O2
O2
O2

Pgas

0,02

0,015

0,05

0,1

[mbar]

Gas flow

6

4

15

15

[ml/min]

Frequency

10

3

5

5

[Hz]

Spotsize

1,95

1,99

1,99

2,5

[mm2]

Fluence

5

5

5

3

[J/cm2]

dtarget-substrate

48

45

45

48

[mm]

16000

5760

9000

18000

250

287

#pulses
Thickness

304

[nm]

Several electrodes were manufactured based on the planar design shown in Figure 3.
For all the sensors a 8YSZ substrate of 10x5x1 mm was used. The details for the
sensors are shown in Table 9
Table 9: Details for the manufactured sensors
Sensor
Electrode 1 Electrode 2
O2 sensor 1

Pt

Ni/NiO

O2 sensor 2

Pt

Ni/NiO

NOx sensor 1 ZnFe2O4

Pt

NOx sensor 2 NiO

Pt

NOx sensor 3 NiO

Ni/NiO

NOx sensor 4 ZnFe2O4

Ni/NiO
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Patterning of the electrodes

3.2.1. Photolithography
Photolithography was used to pattern the electrodes on the substrate. The procedure for
the photolithography was as follows:
A few drops of Shipley 813 photoresist were spin coated onto the substrates at 5000
rpm, for 30 seconds. The substrate was then baked at 100 °C for 10 minutes to harden
the photoresist. Development of the resist was done on a Karl-Süss wafer stepper.

Figure 12: Masks used in photolithography. A to C are liftoff masks, D to F are etch masks. A and
D: open electrode. B and E: covered Ni/NiO electrode. C and F: Au capping layer.

The masks used are shown in Figure 12. The Ni/NiO reference electrode is made
smaller than the electrodes that are exposed to a gas to ensure complete coverage with
gold. Masks A and D from Figure 12 were used to pattern the electrodes that are to be
exposed to gas. The Ni/NiO electrode was made using masks B and E and then masks
C and F were used to deposit a gold capping layer, as described in paragraph 3.1.4.
Development of the photoresist was done in Shipley 531 developer for 60 seconds,
after which the samples were rinsed in two baths of demi-water for 30 seconds each.
Finally the sample was blown dry with nitrogen.
Removal of the photoresist layer used in liftoff was done by submerging the sample in
acetone for approximately 15 minutes or until all the material was removed (judging
by eye). If the deposited layer on the photoresist did not release from the substrate
ultrasonic treatment was applied for a few seconds.

3.2.2. Etching
Layers deposited at temperatures above 100 °C cannot be patterned by a liftoff
technique and have to be patterned using physical etching.
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The etching was done in a Perkin-Elmer Sputtering system model 2400, using argon
RF plasma sputter etching. Electrode size in the sputter system is 314 cm2.
The etch rate of ZnFe2O4 was determined by depositing a layer of ZnFe2O4 on a
10x5x1mm3 YSZ substrate, using the deposition parameters as reported in Table 8, but
at a substrate temperature of 600 °C instead of 20 °C. Subsequently a photoresist layer
was applied and patterned with a mask that had many step features. This sample was
then etched at 150W for 1 minute after which the photoresist was removed and the
vertical height of the etched features was determined using AFM (see paragraph 5.1.3).
A similar deposition of ZnFe2O4 was done after which the sample was patterned using
mask D from Figure 12. This sample was etched at 150W for a total of 45 minutes
subsequently, after which the photoresist was removed.

3.3.

Electrode analysis

For the analysis of the deposited electrodes several techniques were used to get
information about layer thickness, morphology and crystal structure. These techniques
are described in this paragraph.

3.3.1. AFM
Atomic Force Microscopy (AFM) was used to determine the morphology of some of
the deposited layers. All scans were done using a Nanoscope IV microscope in contact
mode. Images were processed using the Nanoscope software (version 6.13r1)

3.3.2. SEM
To gain insight in the structure of the deposited layers Scanning Electron Microscopy
was employed, using the secondary electron detector of a Jeol JSM 5610 SEM.
To prevent charge-up of the sample surface the samples were coated with a thin layer
of gold, if needed. This gold was deposited by the same sputtering procedure as
described in 3.1.4, but with a power of 150W for 30 seconds, yielding a 12.5 nm thick
layer of gold.
When this Jeol SEM was unable to resolve features at the desired magnifications a
LEO 1550 FEG SEM was used, operated by Mark Smithers.

3.3.3. XRD
To investigate the crystal structure of a layer X-Ray Diffraction was used. Both an
Enraf Nonius Diffractis 586 and a Philips X’pert MPD diffractometer were used. The
performed scans were ω-2θ scans along the <001> direction, with 2θ ranging from 6°
to 120° on the Enraf Nonius diffractometer and from 8° to 70° on the Phillips
diffractometer. Both machines use Cu Kα radiation of 1.54Å.

35

Thin film potentiometric NOx sensors by pulsed laser deposition

3.4.

Gas flow measurements

After the sensors are made they need to be characterized in terms of their response to a
change in the gas environment. For that purpose a gas flow system has been developed
and used to characterize the sensors.

3.4.1. Gas flow setup
To examine the response of the sensor to different concentrations of gases it is
necessary to have a setup in which the electrodes are exposed to a controlled gas flow
while the sensor is heated to a certain temperature. The time-resolved response of the
sensor (in terms of the electrical potential between the electrodes) must be measured
and recorded.
The final design of the gas flow setup is shown in Figure 13.
RS232

IEEE 488

Brooks 5850S
MFC
0-25 ml/min

Brooks 0154
MFC
controller

Brooks 5850E
MFC
0-300 ml/min

Oven

O2

Keithley 617
Electrometer

Labview

K-type thermocouple

N2
Brooks 5850S
MFC
0-100 ml/min

Eurotherm
818 temperature
controller

Gas flow
Data

770 ppm NO2 in N2

Figure 13: Gas flow setup

This design can compose a gas flow based on the three available gases (O2, N2,
770ppm NO2 in N2) with a possibility of adding a fourth gas if needed. A computer
running a Labview program controls the gas flow by means of the Brooks 0154
controller, which can control up to 4 Mass Flow Controllers (MFCs) and reads out the
sensor potential as measured by the Keithley 617 electrometer (1012 Ω input
impedance). The sample can be heated by means of a tube oven controlled by a
Eurotherm 818 temperature controller, equipped with a k-type (chromel/alumel)
thermocouple (stability of the oven is 0.1 °C). To minimize heat losses and
temperature fluctuations the oven is covered with an insulating cover.
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Figure 14: NOx sensor 1 on sample holder

The samples are glued on a custom made alumina sample holder (see Figure 14) by
using ceramic paste. The electrodes are wire bonded (using an Uthe Power Logicon
10G wire bonder) to the platinum leads on the sample holder using gold wire and the
platinum leads are then extended through an alumina tube. Gold wires are used for
wire bonding because of their compatibility with the used temperatures and their
inertness.
The sample holder and alumina tube are inserted into a quartz tube which is mounted
in the oven. Connections to the quartz tube are made using Swagelok couplings.
The quartz tube that is used inside the oven has an inner diameter of 12 mm to be able
to accommodate the sample holder. To reduce the gas volume (and thus residence time
of the gas) a smaller quartz tube has been melted inside the larger quartz tube on one
side, locally reducing the inner diameter to 6 mm, as shown in Figure 15.

Figure 15: Quartz tube

The gas lines between the flow controllers and the sensor have been kept as short as
possible, again to reduce the volume of gas and thus the time it takes before a change
in flow propagates to the sensor.
The concentrations of NO2 that are of interest for the characterization of the sensors lie
between 0 and 500 ppm (in moles). Common flow rates that are used for sensor
characterizations are 100 to 200 ml/minute. A premixed gas of 770ppm NO2 in N2 is
used because of safety issues (NO2 is corrosive and very toxic) and for accurate
adjustment of the NO2 concentration in the gas flow.

3.4.2. Characterization of gas flow setup response time
It is expected that the sensors have a given response time (in the range of several
seconds to several minutes) before the full potential belonging to a certain gas
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environment is reached after gas concentrations are changed. However, there will also
be a finite amount of time before the gas concentrations at the sensor change after a
change is applied in the control software. Thus, the signal response of the sensor will
be influenced both by the sensor itself and the gas flow setup. It is therefore necessary
to determine the response time of the gas flow setup.
This has been done by applying a flow of O2 and then switching to a flow of N2 at the
same flow rate and vice versa. The concentrations of O2 and N2 were then measured as
a function of time, using a Pfeiffer Vacuum Omnistar mass-spectrometer.
Measurements were taken at the start of the quartz tube and at the end. Flow rates that
were used were 50, 100, 150 and 200 ml/min.

3.4.3. Sensor response characterization
The sensitivity of the sensor to NO2 as well as the response time was determined by
supplying a gas flow of 150 ml/min and increasing the NO2 concentration from 0 ppm
to 500 ppm and back to 0 ppm in steps of 100 ppm, with a step time of 5 minutes. O2
concentration was kept constant at 5% and the flow was kept at 150 ml/min by
adjusting the N2 flow appropriately.
To investigate the sensor’s sensitivity to O2 concentrations a flow of 150 ml/min was
applied, composed of 220 ppm NO2, N2 and varying concentrations of O2. The O2
concentration was varied from 1% to 13%, in steps of 2%, with a step time of 5
minutes.
In all cases the Pt electrode was connected to the negative lead of the electrometer.
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4.

Gas flow setup control software design

For a simple control and read-out of the gas flow setup a Labview program was
developed. In this chapter the design of that program will be discussed.

4.1.

Requirements

The program should be able to perform the following tasks:
•
•
•
•
•
•
•

Allow the creation of measurement programs, consisting of a series of timed
steps of certain gas concentrations
Adjust gas flow rates
Record gas flow rates
Record voltage measured by electrometer
Apply a voltage for use in potentiometric titrations
Plot the recorded voltages as a function of time
Store the recorded gas flow rates and voltages as a function of time in an easily
usable format

The design of the software is made by using data flow diagrams, in which the
interfaces and process are depicted as cubes and circles, connected by arrows
representing data and event flow. A legend is given in Figure 16.

Processes/
Interfaces

Control
process

Data process

External
interactor

Event flow

Flows

Data flow
Combined flow

Figure 16: Legends for symbols in DFDs

Possible flows in this type of diagram are :
•
•
•

Event flow - triggers an interface or process into an action but contains no data.
Data flow - contains only data, but is not a trigger for a process or interface.
Combined flow - contains both data and an event.
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Processes and interfaces can be categorized as:
•
•
•

Control process – controls other processes, has only event flows as inputs and
outputs
Data process – processes incoming data, can have all types of flows as inputs
and outputs
External interactor – Interface external to the software, can have all types of
flows as inputs and outputs

4.2.

Environmental model

To get an overview of the external interfaces with which the program has to
communicate an environmental model was composed according to the nomenclature
mentioned above. This environmental model is shown in Figure 17.

Figure 17: Environmental model for the gas flow setup control software

4.3.

Data flow diagram for processes

In the environmental model the interactions of the program with the environment are
summarized. Further specification of the system is done in a data flow diagram (DFD),
which is shown in Figure 18 for the entire program. The lines follow the same
conventions as described above.
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Figure 18: Data flow diagram for the gas flow setup control software

The control process takes the commands of the operator as input and enables or
disables data processes accordingly.
The program executer process is responsible for setting the correct flows as indicated
by a program. A program consists of several steps of a certain duration during which a
concentration of each of the gases is set. A detailed DFD for the program executer
process is shown in Figure 19.
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Figure 19: DFD for the program executer process

Collecting the data is done by the data collection process by polling the electrometer
and Brooks 0154 every second. This data is then immediately written to a file to
prevent data loss in case of power failure or system crash.
The sensor response is shown to the operator as a graph by the data display process.
Finally, the program editor process makes it possible to create and edit programs.
These programs are stored in a file on disk so that they can be reused.
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Results

In this chapter the results of the deposition of the various electrode layers will be
discussed, as well as the analysis of the gas flow setup that was built. Also the
fabrication and characterization of the sensors is discussed.

5.1.

ZnFe2O4 electrodes

5.1.1. Fluence determination
The optimal fluence for deposition of ZnFe2O4 thin films has been determined by SEM
analysis of the target surface and of the surface of the deposited thin film after
depositions at various fluences.
An overview of the target surfaces after deposition at varying fluences was made
earlier by Frank Vroegindeweij and is shown in Figure 20.

Figure 20: The surface of a ZnFe2O4 target after 200 pulses on the same spot (no rotation)

Chrisey and Hubler[27] describe that laser irradiation at PLD fluence levels can cause
the formation of cones on the target. These cones can be seen to appear at fluence
levels of 2 J/cm2 for ZnFe2O4, judging by Figure 20. At 3 J/cm2 and 4 J/cm2 the cones
appear to be more uniformly shaped than at 2 J/cm2. Too low fluences might lead to
incongruent evaporation when certain elements are evaporated at non-stoichiometric
amounts. However, too high fluences might aggravate the problem of large, unwanted
particulates that are ejected from the target surface and will deposit on the sample
surface. Therefore the sample surface for each of the depositions was analyzed to
estimate the amount of particulates on the surface. The results are shown in Figure 21.
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Figure 21: SEM image of sample surfaces after 3000 pulses at various fluences

The small dots seen in Figure 21 are particulates and the larger objects are most likely
dust particles or parts of the layer that have been scraped off. This figure shows that for
fluences of 2 J/cm2 and above there is deposition of particulates on the sample. A
fluence of 3 J/cm2 has been chosen as the most optimal compromise between uniform
evaporation (as indicated by cone formation) and acceptable amounts of particulates on
the sample.

5.1.2. Deposition rate determination
A layer of ZnFe2O4 (deposition parameters as
found in Table 5) was patterned by liftoff, as
described in 2.9. A deposited feature as
imaged with AFM is shown in Figure 22. The
average height of this feature was determined.
Three features (selected at random) were
imaged per substrate. An overview of the
deposition rate as a function of oxygen
pressure is shown in Figure 23. An average
deposition rate of 0.17 Å/pulse was determined
in the pressure range of 0.04 to 0.20 mbar O2.
It is clear that the deposition rate is not
dependant on gas pressure in this range of
oxygen pressures.

Figure 22: AFM image of feature on sample
WB07 after 4500 pulses
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Figure 23: Deposition rate for ZnFe2O4 as a function of pressure

5.1.3. Etch rate determination
The etch rate of ZnFe2O4 was determined as described in 3.2.2. Etched features were
imaged with AFM (as shown in Figure 24). Features at three locations on the sample
were imaged. The etch rate was determined to be 14.2 ± 1.2 nm/min at 150W
(electrode size is 314 cm2, yielding an power density of 0.47W/cm2).

Figure 24: AFM image of feature used for etch rate determination
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5.1.4. Influence of deposition temperature on crystallinity and
microstructure of ZnFe2O4 thin films
Thin films of ZnFe2O4 were deposited on 8YSZ substrates (deposition parameters as
mentioned in Table 6) at 20, 300 and 600 °C to determine the influence of substrate
temperature on film morphology and crystal structure. The as-deposited films were
imaged by AFM (Figure 25) from which the RMS roughness and the average grain
size were determined (
Table 10).

Figure 25: AFM images of ZnFe2O4 films deposited at 20, 300 and 600 °C
Table 10: roughness and grain size for ZnFe2O4 films deposited at 20, 300 and 600 °C
Sample
Deposition
RMS roughness Average Grain size (nm)
Temperature (°C)
(nm)
WB39
20
4,81
95
WB36
300
1,34
66
WB38
600
0,99
124

The deposited layers were analyzed using XRD to get information about the crystal
structure. ω-2θ scans were performed from 2θ=6° to 2θ=120° for all the deposited
films. The XRD spectra (displayed with a vertical shift for visual clarity) are plotted in
Figure 26.
For all three films the YSZ(002) and YSZ(004) substrate peaks are visible.
The films deposited at 300 °C and 600 °C show cubic ZnFe2O4 {111} reflections and
several other peaks (unassigned in Figure 26) that have been assigned as higher order
reflection of the 8YSZ substrate. These peaks will not be visible on the Philips
diffractometer because its receiving optics are equipped with a graphite
monochromator, eliminating higher order reflections.
The ZnFe2O4 {111} reflections are stronger in the sample deposited at 600 °C than in
the one deposited at 300 °C, indicating an higher amount of ZnFe2O4 (111) phase at
the higher temperature.
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Figure 26: XRD spectra for ZnFe2O4 films deposited at 20 °C, 300 °C and 600 °C

The substrates were broken in half, coated with 12.5 nm of gold (as described in 3.1.4)
and SEM cross section images were made to determine the structure of the layer.
These images are shown in Figure 27.

Figure 27: SEM cross section images of as-deposited ZnFe2O4
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All three films appear to be dense (as observed by SEM, oxygen permeability is
unknown) and (microscopically) smooth at an approximate thickness of 270 nm. The
film deposited at 20 °C has very small grain structures that are not very well visible on
the SEM image. The film deposited at 300 °C has a structure featuring small fibrous
grains. A more rough plane of fracture is observed for the film deposited at 600 °C,
which seems to have some grains protruding from that plane.

5.1.5. Influence of annealing temperature on crystallinity and
microstructure of ZnFe2O4 thin films
To investigate the influence of annealing temperature on the crystallinity and
microstructure of ZnFe2O4 thin films the sample deposited at 20 °C (sample WB39)
was annealed for 10 hrs under atmospheric conditions at 300 °C, 600 °C, 900 °C and
1200 °C subsequently. XRD spectra were recorded after each annealing step while
AFM and SEM images were taken after annealing at 1200 °C.
The XRD spectra are shown in Figure 28.All scans are made on the Enraf-Nonius
diffractometer, unless indicated otherwise. No new peaks have appeared after
annealing up to 900 °C, which means that there are no new phases formed that have
any reflections in the plane scanned. The film annealed at 1200 °C shows several new
peaks, that have been attributed to Fe2O3 (PDF reference code 01-071-6338), Fe3O4
(PDF reference code 01-084-0307). This composition of phases suggest a Zn
deficiency has arisen during annealing at 1200 °C, assuming stoichiometric deposition
of the ZnFe2O4 layer during PLD.
A change of the surface after annealing at 1200 °C could be noticed by the naked eye:
the surface was more dull and a different shade of brown than before annealing. The
microstructure of the film was analyzed by AFM and SEM. The SEM image (Figure
30) shows that the continuous film of ZnFe2O4 has been transformed into a number of
islands, which range from 1 to 10 μm in length and are non-uniformly shaped. Their
height ranges from 150nm to 1μm, judging from the AFM image.
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Figure 28: XRD spectra of sample WB39, as deposited (20 °C) and after annealing for 10 hrs at
300 °C, 600 °C, 900 °C and 1200 °C

Figure 29: AFM image of sample WB39,
annealed at 1200 °C for 10 hrs

Figure 30: SEM image of sample WB39, annealed at 1200
°C for 10 hrs
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5.2.

Pt electrodes

An attempt is made to deposit Pt layers that have a high degree of porosity. Such
layers are well suited as electrodes because of their high surface area and large number
of TPBs. As discussed in paragraph 3.1.2 the influence of pressure and target-substrate
on the growth of Pt films was investigated.
High porosity should be obtained at high gas pressures because gas phase particle
formation will cause the deposition of larger particles with smaller kinetic energies
than obtained at low pressures. The decreased mobility and increased size of the
particles is expected to prevent close packing of the layer.

5.2.1. Influence of pressure and target-substrate distance on
Pt films
A cross section image of the samples was made by breaking the samples and imaging
the plane of fracture. The images for the depositions done at a target-substrate distance
of 48 mm are shown in Figure 31. The deposition parameters can be found in 3.1.2. At
deposition pressures below 1 mbar the Pt layers seem to be dense, with only a slight
increase in layer thickness on increasing pressure and no change in layer structure.
Above 1 mbar the deposited films become much more porous, have a lower density
and become significantly rougher.
The adhesion of the deposited layer to the substrate decreases dramatically at pressures
above 1 mbar. Material could be abraded even by delicate contact with a tissue or a
pair of tweezers.
The influence of the target-substrate distance is shown by comparing samples
deposited at equal argon pressure. This comparison is made in Figure 32, Figure 33
and Figure 34 for argon pressures of 1, 2 and 4 mbar respectively. Top view SEM
images for these layers can be found in Appendix A.
All three figures show that an increase in target-substrate distance leads to an increase
in porosity of the film. The thickness of the deposited layer increases with increasing
target substrate distance (dt-s) for 1 mbar, but decreases with increasing dt-s at 2 mbar
and 4 mbar.
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Figure 32: Pt layers deposited at 1 Figure 33: Pt layers deposited at 2 Figure 34: Pt layers deposited at 4
mbar Ar pressure at varying dt-s
mbar Ar pressure at varying dt-s
mbar Ar pressure at varying dt-s
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To investigate the thermal stability of the deposited platinum layers a sample (dt-s=58
mm, 1 mbar Ar) was annealed in an oven at 400 °C for 4 hours, under atmospheric
conditions. The SEM images taken before and after annealing are shown in Figure 35.

Figure 35: Sample (Pt, dt-s=58 mm, 1 mbar Ar) before and after heating to 400 °C for 4 hrs

Figure 35 shows that the platinum layer has become thinner and more dense during
annealing.

54

Results

5.3.

Gas flow setup

The ideal behavior for the gas flow over the sensor is a step-wise change between
concentrations at the sensor surface. However, due to delay times in the MFC, finite
volume of tube between MFC and sensor and mixing such a step-wise transition
cannot be obtained in reality. Deviation from the ideal behavior can be characterized
by two time values:
•
•

Delay time: the time before a setpoint change results in a change of
concentration
Transition time: the time between the onset of a concentration change and
reaching the maximum concentration

To be able to determine response times of the sensors it is important that the transition
time from one concentration to another is significantly smaller than the response time.
As indicated in paragraph 3.4.2, expected response times of the sensors range between
several seconds and several minutes. Therefore, an effort is made to reduce delay and
transition time to several seconds.
The gas flow setup was characterized using O2 and N2. A flow of one of the gases was
applied, then at t=0 a switch was made between the two gases, while keeping the total
flow rate constant. When changing the gas from N2 to O2 the concentration of oxygen
evolved over time as shown in Figure 36. When changing the gas flow from O2 to N2
the concentration profile was as shown in Figure 37. Similar experiments were done
while measuring concentrations at the end of the quartz tube.

Figure 36: Concentrations of N2 and O2 vs. time for
a transition from N2 to O2 at various flow rates

Figure 37: Concentration of N2 and O2 vs. time for
a transition from O2 to N2 at various flow rates

Figure 36 shows a peak of the measured oxygen concentration after which the
concentration decays to an equilibrium value. In Figure 37 it can be seen that measured
nitrogen concentration continues to rise over time. The fact that in both cases the
concentrations of the other gas stayed equal even though it is binary gas mixture has
not been sufficiently accounted for.
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5.3.1. Delay time characterization
The time delay between changes in the flow settings of the mass flow controllers
(MFCs) and the gas concentrations at the beginning and at the end of the quartz tube
(see Figure 13) were measured.
The time at which the oxygen concentration starts to change from its previous value is
denominated t0. The dependence of t0 on flow rate is shown in Figure 38.

Figure 38: t0 as a function of flow rate

Figure 39: to as a function of 1/Flow rate

Since the volume between the MFCs and the point of measurement stays equal a first
estimation for t0 could be:
t0 = tMFC + ttube = tMFC +

Vtube
F

(52)

in which tMFC is the time before the MFC adjusts to the new flow rate, ttube is the time
required before the gas has flown through the tube to the point of measurement, Vtube is
the volume of the tube and F is the flow rate. If equation (52) holds true then plotting t0
as a function of 1/F should yield a line with a slope equal to the volume of the tube and
a y-intercept equal to tMFC. Calculating tube length (for a tube with inner diameter of
3.88mm) from these volumes yields lengths of the tube as recorded in Table 11. The
length of tube between MFC and point of measurement was approximately 2m at the
time of these measurements, which is in quite good agreement with the calculated
values. This suggests that equation (52) is valid as a first estimate and suggests that a
reduction in tube volume reduces delay time.
Table 11: Calculated tube length according to equation (52) for measurements at beginning of
tube
Transition
Slope (cm3)
length of tube (cm)
N2-O2
13,9
117
O2-N2
26,7
226
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5.3.2. Transition time characterization
A second important parameter of the gas flow setup is the transition time from one gas
concentration to another. The ideal behavior is a step function, but this is not a real
case as can be seen from Figure 36 and Figure 37. Transition time in this case will be
defined as the time from the onset of an oxygen concentration change to a new steadystate.
The transition times are recorded in Table 12 and are plotted as a function of flow rate
in Figure 40
Table 12: Transition times for transitions between O2 and N2 at various flow rates
Transition time (s)
Beginning of quartz tube End of quartz tube
Flow rate (ml/min)
50
100
150
200

N2 to O2
5,698
4,176
3,425
3,415

O2 to N2
9,884
4,547
4,557
3,045

N2 to O2
20,5
11,407
9,123
8,362

O2 to N2
53,958
23,554
16,354
13,679

Figure 40: Transition time as a function of flow rate. Solid symbols are N2 to O2 transitions. Open
symbols represent O2 to N2 transitions

Figure 40 indicates that transition times are inversely proportional to the flow rate. An
increase in transition time is observed between the beginning and the end of the quartz
tube as can be expected from the increase in volume and the change in tube diameter.

5.4.

Sensors

5.4.1. Fabrication
Two similar O2 sensors as well as four different NOx sensors are fabricated. Both O2
sensors are based on Pt sensing electrodes and Ni/NiO reference electrodes. Two of the
NOx sensors are based on this Ni/NiO reference electrode, combined with a ZnFe2O4
and NiO sensing electrodes respectively. The other two NOx sensors are based on
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ZnFe2O4 and NiO sensing electrodes respectively and Pt reference electrodes (RE) for
both.
Liftoff was successfully used to pattern all the manufactured electrodes. Liftoff was
also utilized to create the gold capping layers on top of the Ni/NiO electrodes but
results varied. Release of the gold on top of the photoresist was troublesome and usage
of ultrasone sometimes damaged the deposited layer.
As a work-around the part of the sensor that was not to be capped was covered with a
piece of Teflon tape during sputter deposition. This eliminates the problem of damaged
capping layers or electrodes, but makes it more difficult to deposit a capping layer of
consistent size and location. This, however, should not be a problem as long as the
electrodes are not connected electrically by the capping layer and as long as the entire
Ni/NiO electrode is sealed from the ambient.

5.4.2. Characterization
Sensitivity

Sensors were tested for sensitivity towards NO2 at 600 °C by applying step wise
increasing concentrations of NO2 in a gas flow with a fixed concentration of O2 (5%) at
a fixed flow rate (150 ml/min). Results for NOx sensor 1 (based on ZnFe2O4 and Pt
electrodes) are shown in Figure 41. This figure shows an initial decrease of the EMF
(Electro Motive Force) over time after which the EMF increases with rising NOx
concentrations. A steep decrease in EMF can be noted for an NO2 concentration of 400
ppm, after which the EMF increases to previously recorded values.
The initial decrease in EMF can be attributed to the fact that a t=0 the flow rate was
increased from zero to 150 ml/min. The decrease at 400 ppm NO2 concentration is
unexpected and should be confirmed in duplicate experiments.

Figure 41: EMF response for NOx sensor 1 to varying
concentration of NO2 at 600 °C as a function of time

Figure 42: EMF response for NOx sensor 2 to varying
concentration of NO2 at 600 °C as a function of time

Results for NOx sensor 2 (based on NiO and Pt electrodes) are shown in Figure 42. An
increase in NO2 concentration shows an increase in the EMF for this sensor. However,
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upon decreasing NO2 concentration from a higher level to a previously applied
concentration the EMF does not decrease to the previously recorded value within the
step time.
At higher NO2 concentrations the EMF values seem to level out for this sensor.
Sensor responses are not linear or logarithmical with respect to NO2 concentration, as
shown in Figure 43 and Figure 44 for NOx sensor 1 and 2 respectively. EMF values
were obtained by averaging the last 10 data points for a given concentration step to
minimize the influence of noise. The hysteresis as discussed above can be seen for
both sensors at these step times.

Figure 43: EMF response as function of NO2
concentration for NOx sensor 1 at 600 °C

Figure 44 EMF response as function of NO2
concentration for NOx sensor 2 at 600 °C

Cross-sensitivity

Sensors were tested for sensitivity towards O2 at 600 °C by applying step wise
increasing concentrations of O2 in a gas flow with a fixed concentration of NO2 of 200
ppm at a fixed flow rate (150 ml/min). Results for NOx sensor 1 and 2 are shown in
Figure 45 and Figure 46 respectively. The discontinuity seen in Figure 45 is
unexpected and should be verified

Figure 45: EMF response to changing O2
concentrations as a function of time for NOx
sensor 1 at 600 °C

Figure 46: EMF response to changing O2
concentrations as a function of time for NOx
sensor 2 at 600 °C

For both sensors a start-up effect of the flow can be seen. EMF response is plotted as a
function of O2 concentration in Figure 47 and Figure 48 for NOx sensor 1 and 2
respectively. A linear fit has been made for the last 4 and 5 data points respectively.
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Figure 47: EMF response as function of O2
concentration for NOx sensor 1 at 600 °C
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Figure 48: EMF response as function of O2
concentration for NOx sensor 1 at 600 °C

Response time

The response time t90 of a sensor is defined as the time at which 90% of the difference
between the EMF value at equilibrium for the old concentration and for the new
concentration. Or expressed mathematically:
*
*
EMF ( t90 ) = 0.9 ( EMFold
− EMFnew
) + EMFold*

(53)

where EMF* denotes an equilibrium value of the EMF.
For the sensitivity results shown in Figure 41 and Figure 42 it proved difficult to
determine a single value for t90. For NOx sensor 2, increasing concentrations up to 200
ppm NO2 yielded a monotonically rising response of the sensor. Further increase and
subsequent decrease of the NO2 concentrations showed a response that rose and
declined over time. Values for t90 were extracted from this measurement for
concentrations up to 200 ppm NO2 and are plotted in Figure 49. This figure shows that
no single value can be assigned to the response time of this sensor.

Figure 49: Response times for NOx sensor 2, extracted from Figure 42
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Response time determination for sensor 1 proved impossible due to the larger amount
of noise in that measurement.
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Discussion

In the previous chapters the experimental procedures and results were mentioned. In
this chapter the results are interpreted and the consequences of these results towards
building NOx sensors are discussed.

6.1.

Electrodes

The electrodes in conjunction with the electrolyte determine the sensor response. The
electrolyte was not addressed in this research, but in this paragraph the results relating
to the electrodes will be discussed.

6.1.1. ZnFe2O4 electrodes
Influence of deposition temperature on crystallinity and microstructure of
ZnFe2O4 thin films

The Thornton zone model[31] identifies regions of different growth behavior for sputter
deposition of metals, as a function of temperature and pressure. Haghiri-Gosnet et al
prove[32] that this model is valid for PLD deposition of La0.7Sr0.3MnO3 (LSMO) on
LaAlO3 (LAO) as well. A depiction of these regions is given in Figure 50. The
temperature scale is T/Tmelt and the pressure scale is in microns (1 micron=1
mtorr=1.3332×10−3 mbar). Because a melting temperature for ZnFe2O4 is not known
this figure can only be used qualitatively.

Figure 50: Development of layer structure on substrate temperature and argon pressure[31]

The zone at low temperature is characterized by limited diffusion and random
nucleation orientation. A transition zone in which surface diffusion becomes active and
energetically unfavorable crystallites are eliminated is found at increasing temperatures
(0.2-0.3 T/Tmelt). These effects will occur for PLD deposited films as well. Only at

62

Discussion

temperature above 50% of melt temperature a truly columnar structure (wider columns
extending across the entire layer) is expected according to this model.
The sample deposited at 300 °C is thought to be at the lower end of the transition zone,
indicated by the emergence of a cubic ZnFe2O4 phase and the larger, fibrous grains
compared to the film deposited at 20 °C. The film deposited at 600 °C is categorized as
formed at the high temperature end of the transition zone. This is indicated by larger
grain sizes, smaller RMS roughness and a larger amount of cubic ZnFe2O4 phase. So
this increasing amount of cubic phase is due to greater surface diffusion at elevated
temperatures.
The fact that only {111} reflections are found for the cubic ZnFe2O4 phase indicates
that this phase has a preferred (111) orientation on the (001) YSZ substrate, which can
be due to a close match in lattice parameters. However, this should be further
investigated before definite conclusions can be drawn.
Influence of annealing temperature on crystallinity and microstructure of
ZnFe2O4 thin films

Films of ZnFe2O4 deposited at room temperature and annealed at 300 °C, 600 °C,
900°C for 10 hours in ambient conditions do not show any crystallinity in the XRD
spectra. Sintering temperatures used in literature for ZnFe2O4 differ from 700 °C to
1200 °C[33-35].
XRD analysis of a ZnFe2O4 film deposited at room temperature and annealed at 1200
°C for 10 hours shows the formation of Fe2O3 and Fe3O4 phases. No crystalline
ZnFe2O4 phases were detected nor were any other phases containing Zn or Fe detected.
If it is assumed that deposition was stoichiometric the conclusion must be drawn that
either a Zn deficiency is developed during annealing at 1200 °C or a surplus of Zn
remains in an amorphous state, undetectable by XRD.
Elemental analysis of the layers by means of X-ray Photoelectron Spectroscopy (XPS)
or Energy Dispersive X-ray spectroscopy (EDX) could be used to determine which of
these scenarios is true. Alternatively, the annealing could be done in a
ThermoGravimetric Analysis (TGA) or Differential Scanning Calorimetry (DSC) to
respectively measure weight loss and heat effects during annealing. Thirdly, annealing
at intermediate temperatures could be attempted to find a temperature at which
ZnFe2O4 is formed.
SEM and AFM analysis shows the emergence of islands after annealing at 1200 °C.
This is commonly observed for porous layers and for materials with a high mobility
(such as Au). In these layers the high mobility of the atoms allows diffusion to form
these energetically favored islands. An increase in layer thickness should reduce or
eliminate this phenomenon. However, if parameters can be tuned to yield structures
with fine islands this sintering process might be employed to create finely structured
electrodes.
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6.1.2. Pt electrodes
Influence of pressure and target-substrate distance on Pt films

In paragraph 5.2 it was shown that the density and microstructure of Pt films grown at
different gas pressures and target-substrate distances can vary significantly. Above 1
mbar the deposited layers were more porous and rough. At pressures of 1 mbar the
films grew as a dense film up to a target-substrate distance of 48 mm beyond which
porous films were obtained.
Increasing the gas pressure as well as increasing the distance between target and
substrate reduces the kinetic energy of the ablated species reaching the substrate. This
reduction in kinetic energy influences the growth of the layers in two ways: by growth
of particles in the gas phase[36] and by growth of particles on the substrate surface[27].
An increase in dt-s yields an increase in layer thickness for 1 mbar but a decrease in
thickness for 2 mbar and 4 mbar. An explanation for this behavior is that there is
increasing porosity upon increasing dt-s, causing larger layer thicknesses at equal
amounts of material deposited, but this is offset by a decrease in material deposited
upon increasing dt-s. Thus, a maximum in layer thickness exists
The annealing of a layer deposited at 1 mbar Ar pressure and dt-s=58 mm for 4 hrs at
400 °C in atmospheric conditions resulted in a 60% decrease of layer height and a
decrease in porosity. This is as expected, because a rise in temperature induces grain
growth by increasing diffusion, leading to a sintering behavior. This reduces the
porosity and thereby causes the layer to decrease in height.
The porous layers deposited in this way might be suitable as electrodes for NOx
sensors, but have a big drawback in that the adhesion to the substrate is very bad.
Material could be wiped away even with a tissue. Therefore, improvements need to be
made to the adhesion, before such layers are suitable as electrodes. A common solution
to bad adhesion is the use of a thin intermediate adhesion layer, for which Ti is
commonly used. This does not work for potentiometric sensors however, because the
TPBs are essential to the sensor’s operation, so it is essential that electrode and
electrolyte are in direct contact. A possible solution might lie in using Pt alloys that
have better adhesion to YSZ but do not diminish the sensing behavior of the electrode.

6.2.

Gas flow setup

The gas flow setup had to be built to test the sensors on their sensitivity, response time
and cross-sensitivity. The design considerations and the characterization of the setup
are discussed in this paragraph. Characterization is done in terms of delay time and
transition time. Transition time is to be lower than expected sensor response times
(which are estimated to be several seconds to several minutes) to determine those
response times.
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6.2.1. Characterization
Figure 38 shows delay times of 10 to 40 seconds, depending on flow rate. Such a long
delay time makes response time analysis of a sensor more difficult, although delay
times can be compensated for if they are constant. Equation (52) was shown to be a
useable first estimate for the delay time, although the difference in calculated lengths
for the transition from N2 to O2 and vice versa cannot yet be accounted for. To reduce
delay times the tube length between MFC and sensor has been reduced from 2 m to 30
cm. Delay time measurements should be repeated on the new setup.
Results in Figure 40 show a finite transition time from one gas to another, where a step
function is desired. A long transition time will hinder the determination of the response
time of a sensor because the effect of the transition and the sensor response become
convoluted. Therefore, transition time should be minimized. The reduced pipe length
in the new setup should decrease the transition time, but transition time can also be
decreased by increasing flow rate. It should be noted that the transition times
mentioned are worst-case scenarios, where a transition is made from 100% O2 to 100%
N2 or vice versa. Transitions during experiments are expected to be smaller and thus
the transition times are expected to be smaller.
Also, the concentrations as a function of time showed a long settling time to reach a
constant value. It is thought that this is an effect caused by the mass-spectrometer. It is
not certain if the used mass-spectrometer is suitable to measure high concentration of
species in a gas. Also, the ion current does not seem to be a linear function of
concentration of the species over the entire range. Therefore, experiments should be
repeated with a different method of concentration determination, such as an oxygen
sensor with a known and fast response.

6.3.

Sensors

This paragraph will focus on choices made during the fabrication of the sensors and on
their characterization.

6.3.1. Fabrication
In this research several sensors were fabricated, intended for O2 or NO2 sensing,
depending on their electrode makeup. The chosen fabrication method of liftoff
combined with room temperature PLD yielded electrodes with a well defined area but
no crystalline structure detectable by ω-2θ scan along the (001) direction of the
substrate.
It is unknown what the effect of this absence of crystallinity on sensing behavior is. To
determine this a sensor containing a ZnFe2O4 electrode deposited at high temperature
should be made. Etching should then substitute liftoff as a patterning technique.
Attempts at creating such an electrode have not been successful yet, as a residual layer
was still present after etching for a time thought to correspond to the thickness of the
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deposited layer. Etch rate determination should therefore be repeated, also as a
function of etch time, to determine the correct etch time for a thicker layer.
The sensors fabricated in this research were all constructed with both electrodes on one
side of an 8YSZ substrate that functioned as electrolyte. A planar geometry with
electrodes on either side of the electrolyte is simpler to model and should therefore
also be constructed, although this requires adjustments to deposition strategies and to
the sample holder design.

6.3.2. Characterization
In general it can be stated that the measurement procedures for the characterization of
the sensors should be revised. Currently, measurements were started at zero flow over
the sample and using step times of 5 minutes. The results show a clear start-up
behavior in the sensor response as a result of the transition from zero flow to the
measurement flow.
Secondly it is not clear if equilibrium values of the EMF were reached during the step
time. An increase in step time should be applied to ensure this.
NOx sensor 1 and 2 (ZnFe2O4 and NiO sensing electrode respectively, both combined
with a Pt sensing electrode) have been characterized in terms of sensitivity towards
NO2, response time and cross-sensitivity towards O2.
Although both sensors showed a positive response to NO2, neither had a sensitivity
that could be fitted with a linear or logarithmical expression that is expected from
theory. Sensitivity measurements on sensor 1 showed some unexpected behavior at
400 ppm NO2 and should be duplicated.
A single value could not be assigned for the response time of either of the sensors, due
to the large variation in response times at different concentration transitions. Also
some transitions did not show a monotonic increase or decrease towards an
equilibrium value, thereby making it impossible to calculate t90.
Cross-sensitivity towards O2 at 200 ppm NO2 concentrations showed a linear
dependency on O2 concentration after start-up effects were ignored. Cross-sensitivity
towards O2 for Sensor 1 showed an increase in EMF on increasing O2 concentration
whereas sensor 2 showed a decrease in EMF on increasing O2 concentration. A
definite explanation for this difference cannot be given at this moment, but differences
in catalytic behavior towards the gas phase oxidation and reduction of NO and NO2
could play a role.

6.3.3. Considerations for commercially feasible sensors
Sensor response measurements have been executed using NO2 in this research.
However, in actual exhaust fumes a mixture of NO and NO2 will exist. As mentioned
in paragraph 2.6, the response to NO is opposite in sign to that to NO2. Detection of
total NOx amounts without adjustments to the sensor design is therefore not possible
yet. Solutions have to be developed to correlate measured EMF values to a total NOx
concentration. A possible solution could be to fully oxidize or reduce the gas mixture
so that only one component reaches the sensor and is measured.
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Conclusion

Potentiometric thin film NOx sensors have been fabricated using PLD. Single crystal
8YSZ substrates were used as electrolyte, ZnFe2O4 and NiO have been used as sensing
electrodes and Pt and Ni/NiO have been used as reference electrodes. Thicknesses of
the electrodes were between 250 nm and 300 nm.
The optimal fluence for ZnFe2O4 was determined to be 3 J/cm2. A deposition rate of
0.17 Å/pulse was measured for oxygen pressures from 0.04 mbar to 0.20 mbar.
ZnFe2O4 films were deposited at 20 °C, 300 °C and 600 °C. Films deposited at 20 °C
showed no ZnFe2O4 crystalline phase. Films deposited at 300 °C showed columnar
growth behavior and the development of a ZnFe2O4 phase that seems to have a (111)
out of plane orientation. The layer deposited at 600 °C did not show a columnar
growth and showed larger amounts of ZnFe2O4.
Annealing of ZnFe2O4 films deposited at room temperature for 10 hrs in ambient
conditions was done step wise at 300 °C, 600 °C, 900 °C and 1200 °C. Up to 900 °C
no difference in crystallinity was recorded and layers formed a continuous film on the
substrate. After annealing at 1200 °C, phases of Fe2O3 and Fe3O4 appeared and the
continuous layer had transitioned to islands on the substrate surface. During this
annealing step a Zn deficiency may have been developed in the layer.
Pt layers were deposited at varying pressures (0.4 to 4 mbar) and target-substrate
distances (40, 48 and 58 mm) to create porous electrodes. Above 1 mbar, layers
deposited at all target-substrate distances were porous. Below 1 mbar all layers were
formed as dense films. At 1 mbar the films deposited at 58 mm were porous, but at
shorter distances the films were dense (as observed from SEM images).
The annealing of a porous Pt film for 4 hrs at 400 °C in atmospheric conditions
resulted in a 60% decrease of layer height and a decrease in porosity.
A gas flow setup was designed and constructed. This setup is capable of supplying a
gas flow composed of N2, O2 and NO2 at flow rates between 0 and 200 ml/min and
NO2 concentrations between 0 and 770 ppm. Samples can be heated from room
temperature to approximately 600 °C using the current method of wire bonding. The
setup can be controlled using a Labview program and can perform user-defined
programs of step time, flow rate and concentrations.
At a total flow rate of 150 ml/min the delay time was approximately 10s. A transition
time from one O2 to N2 of 3.4 s was measured at a total flow rate of 150 ml/min. Pipe
length between MFC and sensor has been decreased from 2 m to 20 cm to decrease the
delay time.
EMF responses of NOx sensor 1 and 2 could not be described in terms of linear or
logarithmic function of NO2 concentration, but a positive response to increasing NO2
concentration was measured for both sensors. O2 cross-sensitivity at 200 ppm NO2 can
be expressed as EMF pO2 = 1.15 pO2 + 14mV
for NOx sensor 1 and

( )

( )

EMF pO2 = −0.189 pO2 + 11.0mV for NOx sensor 2.
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A single value for the response time could not be determined for either of the sensors.
Values could not be compared to literature values due to this inability to quantitatively
characterize the sensor’s behavior.

Thin film potentiometric NOx sensors by pulsed laser deposition

8.

69

Recommendations

In this chapter suggestions are made on interesting directions in which this research
can be continued.

8.1.

Electrodes

8.1.1. Element analysis of deposited layers
In this research XRD was utilized to characterize the deposited layers. However, XRD
is a characterization technique suitable for detecting crystalline phases. Amorphous
phases cannot be detected by this technique, although these might be present. Suitable
techniques for element analysis of electrodes would be XPS and EDX

8.1.2. Triple phase boundaries (TPBs)
As mentioned in paragraph 2.7 the number of TPBs is thought to play an important
role in sensing behavior. For thin films it is very difficult to determine the total length
of the TPBs. Therefore, an interesting experiment would be the fabrication of dense
film electrodes with well defined features. If films are made fully dense the length of
TPB per surface area of the electrolyte can be tuned by manipulating the feature sizes
(which could be made in the range of nanometers to micrometers). Correlating sensor
behavior to TPB density would supply valuable information about the influence of
TPBs on response time.

8.1.3. Crystallinity
The ability to grow ZnFe2O4 of varying amounts of crystalline phase has been shown
in paragraph 5.1.4. It is uncertain if the sensor response is influenced by the
crystallinity of the electrode. An interesting experiment would therefore be to correlate
sensor behavior to crystallinity.

8.2.

Gas flow setup

Miura et al[7] have reported an decrease of response time for a tubular sensor equipped
with NiO SE and Pt RE (in controlled gas environment) for a gas flow containing 5%
water vapor compared to a similar gas flow without water vapor. Since water vapor is
a major component of exhaust gases it would be interesting to add to the gas flow
setup the ability to humidify a gas flow.
Another valuable change would be the addition of other gases that are commonly
found in exhaust fumes such as CO, NO, hydrocarbons to test the cross-sensitivity of
sensors to these gases.
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8.3.

Sensors

As mentioned in chapter 1, sensors for the automotive industry are expected to be costeffective, durable and reliable. Not many reports on the stability of the output signal of
NOx sensors are available (notable exception is Miura et al[8], who mention stability
within 20% of original output signal over an 8 month period), although this severely
influences the reliability of the sensors.
Investigation of signal stability over extended periods of usage in harsh conditions as
found in actual exhaust fumes will be pre-requisite before such sensors can be
marketed.
The effect of temperature on the EMF of the sensors has not been investigated in this
research, although it is well known that it has a great influence. A more quantitative
knowledge of this influence would be beneficial for sensor performance optimization.
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10. List of abbreviations
Abbreviation
PLD
YSZ
SE
RE
EMF
MBE
CVD
8YSZ
TPB
AFM
SEM
XRD
MFC
DFD
RMS
XPS
EDX
TGA
DSC

Page of first use
1
9
10
10
11
12
12
15
19
31
35
35
36
40
46
62
62
62
62

Description
Pulsed Laser Deposition
Yttria Stabilized Zirconia
Sensing electrode
Reference electrode
ElectroMotive Force
Molecular Beam Epitaxy
Chemical Vapor Deposition
Zirconium oxide doped with 8 mol% Yttrium oxide
Triple Phase Boundary
Atomic Force Microscopy
Scanning Electron Microscopy
X-Ray Diffraction
Mass Flow Controller
Data Flow Diagram
Root Mean Square
X-ray Photoelectron Spectroscopy
Energy Dispersive X-ray spectroscopy
ThermoGravimetric Analysis
Differential Scanning Calorimetry
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11. List of symbols
Symbol
dt-s
σ
Ea

Page of first use
1
14
14

Description
Distance from target to substrate
Ion mobility
Energy of activation/Process enthalpy

T
k
C
Z
e
a0

14
14
14
14
14
14

Temperature
Boltzmann constant
Concentration of charge carriers
Charge number
Charge of an electron
Jump distance

ν0

14

Jump frequency

ΔSm

14

Entropy of migration

N0
Φ
μ
G
pO2
j
L
D
σ
i
α
η
F
R
a
t0
tMFC
ttube
Vtube
t90

14
15
15
16
17
17
17
17
17
20
20
20
21
24
24
54
55
55
55
59

Number of anion sites per unit volume
Electrical potential
Chemical potential
Gibbs free energy
Oxygen partial pressure
Flux
Transport coefficient
Self diffusion coefficient
Specific conductivity
Current density
Transfer coefficient
Overpotential
Faraday constant
Gas constant
Activity
Delay time
MFC switching time
Residence time of gas in tube
Volume of tube
Time to reach 90% of equilibrium EMF value
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Appendix A: SEM images of Pt layers

1 mbar

2 mbar

4 mbar

