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1 INTRODUCTION

Because of the industry evolution and the increasing human impact on nature, air pollution 1s
one of the mamn challenges of today's world. Hence due to larger people's awareness, air
pollution control has become an important topic in public debates resulting in the large
availability of information on air quality to the citizens. Gas detection devices are now common
m all branches of industry such as the automotive (lambda probe, SCR system), aviation,
energy, medicine (diagnosis of diseases). Current gas sensors can detect, among others, the
amount of CO, CO;, NO, NO;, NHy, S0, (see Table 1); these gases bemng well-known to have
a negative impact on human health.

Table 1. Examples of gas sensor application in various industries according to [1].

Market / application Examples of detected chemical compounds and classes

Automotive 02 H2, CO, NOx. HC.,
1AQ CO, CH,, humidity. CO,. VOCs,
Food Bacteria, chemucals, toxins, pH, CO,
Agnculture NH:, Amines, humidity, COa, pesticides,
Water treatment pH. Cl,, NO,, HC, NH;, H,S,
Environmental pH. heavy metal 1ons, SOy, CO2, NOy, NH;. H2S
Industrial safety Indoor air quality, toxic gases,
Utilities [gas. electric] 0o, CD H’Cﬁ S50y, CO2,
Petrochemical HC,. conventional pollutants,
Steel 02, Ha. CO, conventional pollutants
Aerospace H:, 02, CO2, humadity

To respond to public concerns and using a precautionary approach, European Union lawmakers
mntroduced restrictions on the maximum amount of harmful gases emmtted from the combustion
process of car engmes. These new European standards have forced car manufacturers to develop
more efficient, less polluting engines. For mstance, in diesel engines, this has been aclueved by
mtroducing a Selective Catalytic Reduction (SCR) system (see Figure 1) in which a NO, sensor,
directly mounted m the exhaust gas system of the car, 15 a key component. This sensor detects
the content of harmful NO: m the exhaust gas; the information 1s then transmutted to the
controlling system and depending on the NO; content, a certain amount of urea solution 1s
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mjected into the exhaust gases. Urea causes the decomposition of NOx into N2 and H>O. The
system must quickly, reliably and accurately deternune the exhaust gas composition, so that the

right amount of urea 15 injected.

DOSING SYSTEM
TemPERATLRE [ DIESEL EXHAUST SCR

REGULATOR | J85
"{m TECHNOLOGY

LREA TAME

EXHALIST
SEMSOR

Figure 1. SCE. system in diesel engines developed to reduce NOx emissions [2].

Another example for gasoline engine 1s the lambda probe (see Figure 2), which 1s responsible
for dispensing air in the fuel-air mixture. In order to obtain optimal combustion parameters, the
lambda probes test the oxygen content before and after the catalyst and, based on the measured
composition, the fuel-air mixture 1s set. The more accurate and the quicker the measurement,
the better 1s the reduction of pollution enussions into the atmosphere.

Main Catalyst

Sweocondary LSU Wids Band
Rir Valva Lambda Sensor

Figure 2. Gas sensor in the modern car exhaust system [3].

The energy industry 1s another important user of gas sensor. In order to reduce emissions, power
plant efficiency must be increased. To achieve this, 1t 1s necessary to increase the temperature
and pressure of the steam supplied to the turbines. Therefore, sensors must be resilient to
extreme conditions of use. For automotive applications, the ideal gas sensor should be able to

work at high temperatures, 1n an environment of many gases, and still be accurate, sensitive and
8



fast responding over time. Currently, thick-film sensors dominate the market and are mainly
manufactured in Germany, Switzerland, Japan and United Kingdom_ Increasing requirements
regarding sensifivity and reaction time have forced manufacturers and scientists to look for
alternatives to systems currently available. In recent years, thin-film gas sensor technology,
with nanometric grain size, has become extremely popular and pronusing with a sigmficant
mcrease 1n sensitivity, reduced response time and gas detection threshold as compared to thick
film sensors. However, thin-film sensors, based on matenals used for thick-film technology,
have shown a weak stability, prompting scientists to look for alternative materials. A pronusing
class of matenals 1s perovskites, which are well-known for their good electrical properties and
high thermal stability, up to 1000 K.



2 BACKGROUND

2.1 GAS SENSING TECHNOLOGIES

Gas sensor 15 a device that detects and quantify the presence, sometimes the concentration, of
gases 1n a specific volume. In gas sensor technologies, the information about gases 1s converted
mto a useful signal (electric, thernuc, etc). Gas sensors are mainly used to detect harmful gas
such CO [4], NOx [5, 6], H2 [7], NH:3 [8] and SOz [9].

Different technologies are available on the market and the physical phenomenon onginating in
the gas detection determines the type of the sensor. Essentially, Sensors can be divided into five
types:

— electrochemical gas sensor (EGS),

— resistance sensor (RS),

— optical sensor,

— surface acoustic wave sensor,

— calonmetric sensor.

The gas sensors have the same critenia regardless of the mechamsm of operation, the basic ones
being a high sensitivity and selectivity regarding the gas of interest, a short response time and
regeneration tume, the ability to work in a wide range of temperatures and a good stability over
tume [10]. EGS and RS gas sensor usually contain the following elements:

— agas sensing electrode (SE),

— asupport like Si, YSZ, Al2Os,

— aheating system,
— an electrode.

The sensing layer or sensing electrode (SE) 1s one of the key elements 1n gas sensing devices
since 1t 1s the active element that interact with the gas ; this interaction leads to the production
of an electrical signal, which 1s modified and amplified to get a useful signal Hence, the
selection of the matenal for sensing layer 1s crucial. Matenals for sensing layer can be divided
mnto three categories:
— materials with 1omc conductivity in the form of inorganic oxades: SnO; [11, 12] TiO
[13], ZnO [14] , WOs [15], ZrOs [16],
— materials with mixed conductivity: SrTiO; [17], LaMnO; [18], LaCoO;s [4], LaFeOs
[19],
10



— conductive polymers, nanostructures and nanocomposites.
This distribution 1s generic because the materials for sensing layer change of conduction
mechanism depending on temperature, gas pressure or the presence of dopants.

One interesting class of materials, because it shows a mixed conductivity, 1s perovskites whose
general chemucal formula 1s ABX3, where A and B are cations (A larger n size than B) and X
1s the amon usually oxides or halogens. In the case of ABO; type compounds, 1t 15 usual to
observe a deviation from stoichiometry m oxygen maimly due to an unusual or a muxture of
degree of oxidation of the cation B. This non-stoichiometry results in the occurrence of oxygen
vacancies that play a critical role in the electrical conductivity of the material especially at high
temperature. It 15 important keep in mund that i the case of perovskite compounds both
electrons and holes contribute to the general conductivity although one mechamism of
conduction 1s usually favored depending on chenucal composition of perovskites. Besides,
perovskite compounds are recogmzed for their excellent thermal and chemucal resistance,
making them very good candidates as sensing matenial in hostile environments. Because of all
these characteristics, perovskite compounds were chosen as sensing layer for tlus research
work.

Fmally, because of their properties, perovskites have a good potential as sensing layer for
electrochemucal and resistance gas sensors; the principle of these two types of sensors will then
be presented hereafter.

2.1.1 Overview of electrochemical gas sensors

Fundamentally, electrochemical sensors are constituted of a sensing electrode, SE, exposed to
the gas and that 15 an electron conductor and a reference electrode, RE, usually made of
platinum (Pt) separated by a thin electrolyte (solid or liqud) acting as an ion conductor. An
example of an electrochemucal gas sensor 1s given in Figure 3.

11
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2

Figure 3. Illustration of a) the typical construction of a mixed-potential type YSZ-based sensor, including b) the
electrochemical reactions that occur at the SE/YSZ mterface and c) the equlibrmm RE reaction of Oz at the
interface of RE'YSZ, as well as d) the SE layer [20].

The selection of the reference electrode (RE) matenal 1s very important. These electrodes are
used to transfer the measunng signal by means of electrical wires to the controller. The
electrode material must have high chenucal stability, not react with SE as well as with substrate.
Usually, RE 1s made from noble metals such as Au[21], Pt [21, 22] or Pd [23]. However, several
studies comparing various RE materials such as Au, Pt, and Pd [21] — [24] have shown that the
RE has a hmited influence of on sensor sensitivity. These studies also revealed that Au
electrodes have a lower stability than Pt electrodes.

The electrolyte matenal is responsible for ion transfer between SE and RE. One of the great
advantages of electrochemucal gas sensors i1s the possibility of mmmatunization, because
sensitivity 1s size independent [25]. The electromotive force (EMF) in this system 1s generated
as a result of the charges exchange between the two electrodes. This EMF 1s then proportional

to concentration of gas present in the environment. Electrochemical sensors are available and
well-known and popular at the market.
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Because of their practicality, solid electrolyte sensors replaced most of the liqud electrolyte.
As solid electrolyte, one can cite ZrO» [25], YSZ [26][27][28] — [29], AlbOs [25], SO2[30], Ag
[31], NASICON [32].

A popular electrolyte 1s Yttrium Stabilized Zircoma, or YSZ, in which the 1onic conduction
occurs via the oxygen amions. Not only, thus material i1s charactenized by a high 1omc
conductivity, but also by a lugh chemical stability over a wide range of temperature.

Solid electrolyte allows a more practical use of the electrochemical sensors in particular since
solid electrolyte-based sensor are able to work at hugher temperature. This type of sensor can
work as potentiometric sensor [1]. Measurements of the equilibrium potential of the solhid
electrolyte-electrode cells system enable oxygen detection via the Nernst’s equation [33].
Sensors of this kind are called potentiometric sensors. Table 2 summarizes the 1on conductivity
of different solid electrolytes. YSZ has a lugh conductivity and 1s also stable mn extreme
environments making 1t one of the best choices as solid electrolyte [34]. High 1on conductivity
of electrolyte 15 hughly desirable that’s why author chose YSZ [27].

Table 2. Electrical conductivity values of solid electrolytes at 600 °C [8] [9][10]-[11]

Oxygen ion conducting Conductivity
solid electrolvtes (5. cm']}
B1:03 3.10°
Gd20;3 doped CeO: 4.10°
B1:Cug V90535 1.10™
YSZ (8 mol % Y205) 5.107

Solid electrolyte must meet several requurements. First, the solid electrolyte must possess a igh
chenucal stability for a stable functioning over time. Indeed, the electrolyte should be able to
work at high temperature and pressure while exposed to reactive gases (NO2, COz, NH3, etc.).
On the other hand, the solid electrolyte must possess a high sensitivity, which implies the
selected materials should reactive with high 10nic conductivity in a wide range of temperatures
and pressures. Finally, the solid electrolyte should have a similar thermal expansion as
compared with the other sensor components. Indeed, during the temperature increase,
difference in thermal expansion rates between the SE and the electrolyte may trigger cracks
within the sensor components causing further operation impossible.

13



Currently, SnO: 1s the most popular material as sensing electrode [4, 11, 12]. However, SnOz-
based gas sensors have two 1ssues for industrial demands. First, these sensors present a poor
Selectivity (or cross-sensitivity) towards the target gas or cross-sensitivity towards other gases
making measurements inaccurate. Second problem 1s that these sensors do not satisfying the
industrial requirement concerning sensitivity. Because of that, scientists have been looking for

new materials.

The above-mentioned sensor characteristics —sensitivity and selectivity— mainly depend on
the SE matenial and 1ts morphology. A large number of materials has been studied as sensing
electrode. For mnstance, one could mention Liu ef al. [28] who used thick layer of InoOs on YSZ
(8% mol Y203) as SE. The layer was sintered at three temperatures T = 800, 1000, 1200°C.
This work concludes on a high sensitivity of the sensor in presence of NO; for a SE smtered at
T =1000°C and a 30-days stability at an operating temperature of 700°C. But certainly, the
mostly alternative SE class of matenials studied 1s perovskites compounds.

As mentioned earlier, perovskites are characterized by a ugh stability at elevated temperatures
with a muxed conductivity. Using a screen-prninting technic, Cvejm ef al. [29] produced a
NdCoOs layer doped with Sr on the YSZ. They showed high sensitivity of the generated sensor
1n presence of NOx gases. The use of the Ndo.sSr0.1CoOs electrode caused the decomposition of
NO; into N> on its surface and the adsorption of the oxygen produced to oxygen permeation
mside the perovskite.

Ba,Sr1xFeOs (x =0.01, 0.5, 0.9, 1) perovskites m the form of films on the YSZ substrate were
examined by Lo ef al. [35]. Sensitivity of the sensor for NH3, NO»2, NO, CsHs, CHa, H2, C3Hs
gases was tested and a very good sensitivity was obtained i the temperature range 450-600°C.
Hence, this maternal can be used as a lambda (A) probe. In addition, the authors mvestigated the
sensor stability as a function of time in the CO atmosphere. It was shown that the electrical
potential difference of sensor was constant for 14 days of continuous operation. For 1ts part,
Tho et al. [26] was the first to use LaMOs; (M = Mn, Co, Fe, Ni) perovskites on the YSZ
substrate (8% of Y203) as SE for the detection of NO, NO», C3Hs, CHa gases. Films were
obtained by screen printing followed by a sintering at temperatures ranging from 700 to 1300°C.
The films obtained by this method were of few nucrometers thick. These films showed high
sensitivity and selectivity to NOz from 450°C to 650°C. Thin films smtered at 1300 °C showed
high response (A 'V = 60 mV) under 60 ppm of NO». Later, studies showed that high sensitivity

14



to NO: could be obtained also for LaFeOs; and LaCoOs [36][37] — [38]. These films produced
by screen printing have a thickness in the micrometer range.

Ueda et al. [39] was the first to investipate the influence of the SE thickness one sensor
sensitivity. The authors showed also that high sensitivity can be obtamned with a NiO sensing
electrode with dimensions as small as 250 nm. Thin films obtained by magnetron sputtering
with thickness of 250 nm and 500 nm were tested and the sample with smallest thickness
showed almost two times higher sensitivity in NO: at 60 ppm. From this work, one can expect
to increase sensitivity of sensors simply by switching from micrometer-size films to nanometer-
size films. There 1s no previous study in literature refernng to nanometric films based on
LaCoOs and LaFeOs as sensing electrodes on substrates YSZ, whuch justifies the novel
character of this research.

Electrochemical gas sensor (EGS) are working based on reaction occurring between surface of
sensing electrode (SE) and the target gas. As a result of this reaction, electromotive force (EMF)
between SE and RE 1s created [20]. Electromotive force 1s converted mto a useful signal.

Because of work principle, electrochemical gas sensor can be divided in four groups:

— amperometric,

— potentiometric,

— conductometric,

— capacifive.
In potentiometric gas sensor, electrical potential 1s measured between the two electrodes SE
and RE. In that configuration, the SE with Pt electrode 1s in contact with the target gas wiule
the RE 1s only in contact with oxygen The generated potential 1s directly proportional to the
loganithm of the gas concentration as described the Nernst’s law. The main advantage of this
type of sensors 1s its ability to detect a wide range of gas concentrations, 1ts stability over tume.
Moreover, all reactions affecting sensitivity are at equulibriom.

The principle of operation will be discussed based on the reaction between SE with NO, A
reference electrode exposed to air only acts as an oxygen electrode and its potential 1s
determuned at a constant oxygen concentration. On the other hand, on SE, oxygen and NOx can
react on three phase boundary (TPB) which 1s contact of gaseous phase, electron conductor (Pt
or SE) and 1onic conductor (SE or substrate). In the gas containing NO, the following cathode

and anode reactions with presence of oxide 10ns can be taken:
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0, + 4e~ = 20?" (anodic) (1)

2NO + 20% = 2NO, + 4e~ (cathodic) (2)

It 1s caused by the oxidation of NO to the NO2 equlibrium concentration. On SE, NO2 would
tend to dissociate up to equilibrium concentration. This would lead to the following reactions
on the SE:

202" = 0, + de” (3)

2NO, + 4e~ - 2NO + 20%*~ 4

(neg. bias)

Pt

Oxide

.= {pos. bias)

[} o - I -+ P
3 +| ‘s [ J

D5
(neg. bias) e

Figure 4. Schematic of current flow in a biased sensing element. 0%~ represents an oxygen ion in the YSZ substrate

I3].

Figure 4 schematically summarizes the directions of each species for both negative and forward
bias. With a negative voltage, the following oxidation reactions must occur on the Pt electrode

to ensure the current flow:

NO + 0% = NO, + 2e~ (5)

or

1
0% = EUZ 4+ 2e” (6)
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or

or

1
NO +2e” = 5N, + 0%

NO, + 2e~ = NO + 0%

2

1
-0, +2e” = 0%

@

(8

©)

In reactions (5)—(9), all ions are in a gaseous state. O* are oxygen ions in the electrolyte (YSZ).
NO; and NO tend to partially reduce or oxidize to form an equilibrium mixture of NO; and NO.

Quantitative analysis can be performed by measuring the polarization curves of the sensor in
{airr + NO} or {air + NO2}. As the NO or NO: concentrations in the air increases, the

polarization curves consequently shift up or down.

On the surface of SE with lugh catalytic activity, the cathodic NO: reaction can lead to NO2

decomposition:

1
Nﬂz —“Nﬂ'l'iﬂz

(10)

This will reduce the sensitivity of the sensor. To prevent the decomposition of NO; on SE at
high temperature, one should use matenial with the highest possible porosity and large grains,
when TPB 1s situated at the substrate-layer interface. [40]. Low catalytic activity towards to the
gas (reaction (10)) leads to high sensitivity for NO».

(a) Lower sintering temp. of SE

NOX composition
reaches aquilibrium

M

4 NOz =NO + %02 )

interface

7

(b)

Higher sintaring temp. of SE

-

NOz =NO + %0z

b g
NOX composition is
far from equilibrium

interface

/

Figure 5. Influence of pore size and grain size on cafalytic activity and NOz decomposition on the SE surface [40]

The influence of SE grain size and porosity on NO: decomposition reactions 1s shown n Figure
5. As a result of the presence of large pores, NO; gas diffuses through the SE towards TPB
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(interface of N1O and YSZ), as a result of which there 1s less contact of the tested gas particles
with the SE surface. Therefore, NO:2 can reach TPB without decomposing into NO. With a
porous SE structure, NO; may be far from equilibria when 1t reaches TPB after diffusion
through the SE layer. This phenomenon 1s no applicable to matenials with mixed conduction,
in other materials porous structure can have positive influence on sensitivity but 1t can have
negative nfluence on response time [25, 41].

The detection mechanism 1s complex, the sensor sensitivity depends on many factors, the two
most important of them being the adsorption-desorption mechanmism and catalytic activity
leading to NOz decomposition.

Regarding the adsorption-desorption mechamism, NOz behavior on the SE surface, if NO2
adsorption on the SE surface 1s strong this can lead to high catalytic activity for the cathodic

reaction:
NO, + 2e™ = NO + 0% (8)

Adsorption — desorption of oxygen on the surface of SE. Strong oxygen absorption 15 not always
associated with low catalytic activity for the anode reaction:

1
0% - 50z +2e” (6)

However, low SE activity towards O; 15 the basis for obtaiming a response to NO and NO; [42].

As for the SE catalytic activity towards non-electrochemucal gas phase decomposition reaction
of NOz

1
NO, = NO + Eﬂz (11)

Zhuiykov and Miura [43] demonstrated that the lower the catalytic activity towards NO; at the
SE surface, the higher the sensitivity to NO: at high temperatures. The sensitivity and selectrvity
of electrochemical sensor depends on the sensing electrodes of their structure and chemucal
composition. Peter Martin ef al. [44] showed that the morphology (structure and thickness) of
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Cr20s sensing electrodes produced by colloidal spray on YSZ has an effect on the properties of
the gas sensor and the reaction between NOx and O:. Table 3 gathers the sensitivity results of
sensors with different thickness. As Peter Martin ef. al. [44] proved that not only the sintering
temperature affect sensitivity (see Figure 6) but also SE thickness (see Table 3). As we can
observe sample sintered at 1000 °C with thickness 2 8 pm showed higher sensitivity than sample
with 3.6 pm thickness.

Table 3. Electrode thickness and NO sensitivity for the sensors according to [44].

Ia Ib IIa Nbh Ma IMbh Pt(airref)
Sintering temperature (°C) 1000 1000 1100 1100 1200 1200 1000

Thickness (jm) 28 36 27 35 23 35 12
500 ppm NO. 500 °C (mV) 45 20 45 490 45 45 20
500 ppm NO, 550 °C (mV) 45 20 45 490 45 45 20
500 ppm NO, 600 °C (mV) -7 2 -8 —14 -17 -190 1
i
11010
_ 5 /
E = r K
g .15 -
=
% 20 - 1000°C
= 25 w:m c
e
.35 - o
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Figure 6. Response vs. time for sensors [a, ITa, and ITla exposed to 500 ppm NO i 10% Oz at 550 °C. The sensing
electrodes had initially the same thickness but different sintering temperatures of 1000, 1100 and 1200°C,

respectively. The inifial baseline at ~0mV represents the equilibrinm response prior to introduction of the NO into
the gas stream [44].

Microstructure have a significant effect on the sensor response. The results presented by Peter
Martin ef. al. (see Table 3) [44] show a dependence on electrode thickness which indicates
multiple, competing mechanisms determine the NO sensor response.
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2.1.2 Overview of resistance gas sensors
Currently, there are many different configurations of resistance sensors. but they have the same basic
elements as descnibed 1n Figure 7:
— a sensing electrode (SE) surface of the material that have contact with gas and i1s mainly
responsible for the sensor's sensitivity [45].
— the substrate whose role 1s to support the SE,
— and the electrodes, usually platinum.
In many cases, the sensor also contains a heater to reach the correct operating temperature and

membranes.

«—— Electrode
Sensing materials-_
28 «——— Micro heater ..___._.__:_,\ 3

Membrang ——

T sensor

Pt T sensor . 1D|:I'-I |

Figure 7. Resistance gas sensor equipped with membrane and heater [46].

The key element of a resistive sensor, RS, 1s the SE whose surface 1s the place of a number of
key reactions including physical adsorption, chemical adsorption and surface and volume
defects range c and d in Figure 9.

Physical adsorption onginates in the Van der Waals interactions between oxygen atoms and the
SE surface. The energy of these bonds 1s low and does not affect SE conductivity, because it
does not modify the energy structure of the surface [46] range a in Figure 8. On the other hand,
chemical adsorption occurs as a result of interaction of electrons of molecules adsorbed with
the surface of SE, 1t leads to the formation of active surface states. Surface states take over
electrons from the SE conductivity band, this process is called 1onosorption and this 1s a key
mechanism for the sensor's operation [47] range b in Figure 8. The network gaps in the SE
surface and i the volume of SE are filled by oxygen atoms. The interaction of oxygen with the
SE layer 1s dependent on temperature and oxygen partial pressure.
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Figure 8. Oxygen parfial pressure as a function of temperature illustrating the desorption of oxygen from a
semiconductor (Zn0) a) physical adsorption. b) chemisorption, ¢ surface defects, d) volume defects [25]
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Figure 9. Configuration of a resistive gas sensor: (a) top view, (b) cross section view.

Sensing electrode can come in many forms: films, powder or crystal. Examples of materials for
SE was presented in paragraph 2.1.1. Sensitivity of the sensor depends on the process of
producing SE and the added dopants. Dopants, catalysts and stabilizers are mntroduced to modify

the material properties. This modifies the surface, chemical composition and structure of the
SE. Dopants may mcrease number of the active centers in SE and thus increase the sensitivity

of the sensor.

All gas sensors components are located on the substrate. Gas sensor can be produced as planar
sensors, tubes or rods. Substrate material should show a high stability in wide range of
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temperatures, chemically mert and should also be a good nsulator with high chemical stability.
The most commonly materials are Al>O3 (low production costs), S102, S1, MgO, BeO.

The role of the electrodes 1s to collect transfer the signal by means of electrical wires to the
measuring device. High chemical stability, nonreactive towards other components of gas sensor
and surrounding gases are most important requirements for electrodes.

Commercial resistance gas sensors use thick-film; however, recently, thin-film sensors have
attracted academic and industry interests due to the higher sensitivity thin films as compared to
thick films. The influence of grains size on sensitivity have been intensely studied by
Pisarkiewicz [25]. His research proved that nano-size grains materials exhibit a igh sensitivity
and a short response fime_

T0

1 ——LaMnO,
&0 4 —8—LaFeQ,

AV (mV)

450 500 550 600 650
Temperature (°C)

Figure 10. Sensitivity of perovskites in 60 ppm of N0z [26].

Sensitivity of different material as SE are shown in Figure 10. Under 60 ppm of NO2, LaFeQOs
and LaCoQOs have the best sensitivity in comparison to LaNi1Os and LaMnQOs. In this work,
perovskites LaCoOs; and LaFeOs were used as sensing electrodes due fo theirr very good
chemical and physical properties as well as high conductivity [39], [48][49] — [50] in resistance

SETNS0rs.

The resistance sensor generates an electrical signal due to the interaction of the gas with the
gas-sensitive layer. In fact, the gas reacts with the sensing layer generating a change in the SE
conductivity, thus i SE resistance. These variations of resistance are then measured; thus 1s the
useful signal Interaction of gas particles with adsorbed oxygen particles 1s necessary to change
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the layer resistance. Resistance gas sensor can be divided m two groups regarding physical
phenomena responsible for signal creation. Bulk conduction-based sensors and surface layer-
controlled gas sensors. It thus work gas sensor with use of layer will be described. Working
temperature of surface layer sensors 1s lower than bulk conduction-based gas sensors, typically
300 — 800°C. Temperature 1s strongly mnfluencing sensitivity of the sensor. The temperature
should be low enough to allow sufficient surface adsorption and slow down the bulk defect
equilibration processes, but high enough for catalysis reactions and charge transfer between the
surface layer and the bulk.

Depending on the type of gas, different chemical reactions can occur on the SE surface
depending on the reducing or oxidizing nature of gas of interest.

In the case a reducmg gas like CO, the reactions are as follows:
COgas) + Ofaas) = COF (gas) = CO2(yqs) + €~ (13)

While for an oxudizing gas like NO, , the reactions are:

NO, + 03, +2e” = NO3 + 20~ (14)
NO(gas) = NO(gqs) = Nug;ds} +e” (15)
NO(aas) + 0344, + 267 = NOGus) + 07 (16)

In reactions (12) to (16), the oxygen from atmosphere 1s very much involved and play an
important role in this process. Due to the electron transfer between the gas and SE, the material
resistance changes. Oxygen 1s found not only 1n gas, but also in gas-sensitive matenial for
example (N10 [51] [52][53][54] [55], CuO [50], [56][57]- [58], ZnO [59], SnO2[11], WO3
[60]) and very popular perovskites.

They have character of acceptor centers, therefore the electrons from the SE conductivity band
pass to them by charging them negatively, while the SE surfaces 1s charged positively.

The chemisorption of oxygen on the surface of SE 1s presented in reactions:

23



Dz{gas} + Vc?ESEj +1le— 02_

2- _ (17)
ar DZ(QIIS] + FQ{SE;I + 2& - Eﬂ

As a result of this process, a double layer of charges was created, which causes an mcrease in
the conductivity bands upwards (towards higher energies), a potential barner Vs 1s created and
the transfer of electrons to the acceptor centers 1s no longer possible. Depletion layer 1s created
on the SE surface. The height of the created barrier depends on the concentration of chemo-
absorbed oxygen. Therefore, by mftroducing a reducing atmosphere, SE mcreases its
conductivity due to a decrease i the potential between the crystalline barrier (in the case of

granular materials), whale the contact of SE with oxidizing gas will increase the resistance of
the layer.

The depletion layer thickness 1s charactenized by Debye length L. As the L size increases,
the concentration of electric charge carrers decreases, which 1s why this value 1s also
information about the sensitivity and detection threshold of the sensor. Lp increases with
increase of temperature (T) and decreases with increase of electron density (no).

Debye length 1s calculated from formula:

’EEUKT .
L, = uation 1
D Ezﬂﬂ Eq

Where g, 15 the permuttivity of free space, £ 1s the dielectric constant, K 1s the Boltzmann

constant and e 1s the elementary charge.

To understand influence of morphology, layer thickness or grain size on gas sensor performance
1t 15 necessary to understand all phenomenon occurnng 1 material during contact with gas. An
electrical core-shell layer 1s formed on the surface due to oxygen absorption. In the n-type
conductor, as a result of oxygen adsorption on the surface of the material, electronic core-shell
configuration 1s created (see Figure 11a). Semiconducting zone and EDL (electron depletion
layer) on particle coatings are formed. Oxygen adsorption on the surface of the material in the
p-type conductor creates HAL (hole accumulation layer) near the surface of the material due to
electrostatic interaction between oppositely charged particles (see Figure 11b), which causes
the formation of core-shell configuration, resistive region in particle cores and semuconductor
films HAL near the particle surface. In n-type semiconductors, the change m sensor resistance
under the mmfluence of the gas depends on the resistive shell to shell contact between SE particles
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(see Figure 12a). Thus, equivalent n-gas sensor circuits can be explamned as series of
connections between semmiconductor cores (Rcore) and resistive mtermolecular connections
(Rshell) (see Figure 12b).
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Hole accumulation layer
Insulating core (high resistance)

Electron depletion layer
o Semiconducting core (low resistance)

Figure 11. a) N-type and b) P-type core-shell formation [61]

In the presence of a reducing gas, e.g. CO, a senuconductor n-type uses iomzed oxygen 1ons
(O%, O) to oxidize the reducing gas. Remaiming electrons attach to the semiconductor core. As
a result of this phenomenon, the resistance of the material decreases i proportionally to the
concentration of the gas. The mechanism of the conductivity of p-type semiconductors can be
explained by parallel mechanisms mn a wide resistive core (Rcore) and along narrow, shells
(Rshell).
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Figure 12. Gas sensing mechanism and equivalent circuit of n-type oxide semiconductors [62].
The conductivity model of p-type semuconductors has been explained by Barsan et al. [62]. In
Figure 13a, area B represents the contact area of two gramns, while regions A and C show areas
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of contact of the electrode with SE. In this configuration, the electrons introduced into the
material as a result of the oxidation reaction between the reducing gas and oxygen anions from
the SE surface, which reduces the number of electron holes i the shell layer, resulting in
mncreased resistance of the materal (see Figure 13b-c).
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Figure 13. Sensing layer of p-type semiconductor [62].

Gas (CO
(CO) )

Some materials are characterized by the possibility of changing the type of response along with
a change in temperature or gas pressure. As shown by Mmh and Takahashi [63], the partial
oxygen pressure mcreases can lead to a change m conductivity type (see Figure 14).
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Conductivity of such materials can be divided mnto 3 zones: an n-type zone, a mixed zone and
a p-type zone.
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Figure 14. Changes in electrical conductivity as a finction of oxygen partial pressure for Moz-B20s [63].

Mixed zones have lower electrical conductivity than n and p zones (see Figure 14). As oxygen
pressure increases, the conductivity decreases, then the mixed area begins, where both types of
conductivity occur at the same time. This region has the lowest electrical conductivity. This 1s
due to overlap and competitive conductivity phenomena. A further increase in pressure causes
change the type of conductivity to p-type. In this range, the conductivity increases with oxygen
pressure. This indicate that resistance gas sensor has not only preferential working temperature
but also gas pressure.
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2.2 CHARACTERISTICS OF MATERIALS FOR GAS SENSORS

2.2.1 Perovskites as sensing electrodes

Due to the high material properties demands on SE, scientists are paying special attention to
perovskites. It 15 a family consisting of a crystallographic structure associated with the CaTi0s3
mineral The ideal perovskite structure 1s cubic structure. Perovskites have the general formula
ABX;. The 1deal cubic structure 1s not often found, most of the perovskites are deformed. These
materials attracted the great attention of scientists for many years, the first research conducted
by Goldschmmdt et al. m 1920. As a result of deformation, the perovskites have reduced
symmetry, which has a huge impact on their magnetic and electrical properties. Due to mixed
conductivity (1onic and electronic) they are currently used in the electrical industry [64], gas
sensors [29], [36], in the automotive mndustry [43], SOFC [65] and many other industries.

or © J.
o B
20 . 9

Figure 15. Example of cubic perovskite structure.

Cell of perovskite 1s presented in Figure 15. Cation B in the muddle of cube (gray) has in 1ts
neighborhood 6 10ns of oxygen (yellow) and they create a BOs octahedra. Larger 1ons (red) are
in the cell corners. The structure presented m Figure 15 1s 1deal structure, m reality this cell 1s
deformed due to mismatch of 10n radius. It leads to 1ons shift from original position. Element
A 15 mainly a metal cation from the group of lanthamides, alkaline, e g. La, L1, Be, Ca. A atoms
are characterized by a large radius and atomic number of 12. The element B 1s mainly
substituted with cations with atomic number 6 and smaller radius such as: Ti, Nb, Ta Mn, Fe,
Co. B atoms are surrounded by 6 O atoms which are non-metallic elements mainly oxygen or
fluorine. Perovskites with transition metal 1ons (TMI) as element B have mnteresting electrical
and magnetic properties, these properties are associated with unfilled 3d electron shells. In this
work two perovskites were used as SE material: LaFeQ3; and LaCoOs.
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2.2.2 Cristal structure of LaFeOs

LaFeOs 1s part of the perovskite fanmly and has very good anti-ferromagnetic (AFM),
ferromagnetic (FM), ferro-elastic (FEL) and catalytic properties and high 10mic conductivity O,
[66][67][68] —[69]. The LaFeOs crystallographic structure 1s an orthorhombic deformation of
the above presented cubic cell, linked to filting of FeOs octahedra along the axes of the cubic
cell (Fig.16). The enlarged umt orthorhombic cell parameters are then related to the cubic one
by ap=actbc, bo=actbgc, co=2cc, in the Pbnm (n°62) choice. The relations between Miller
indices in the orthorhombic Pbnm and in the cubic settings are then:

he = (ho — ko)/2
ke = (ho + ko) /2
I =1,/2

Another setting Pnma will also be used in this work, with bg being the long axis. The relations
between Miller indices in the orthorhombic Pnma and in the cubic settings are then:

he = (hg = 15)/2

kc =kﬂf2
lc = (hg +1p)/2

& .

¥

Figure 16. LaFeQs structure, showing the tilting of the octahedra, in the Pnma sefting.

The cell parameters and main properties of LaFeO; are presented in Table 4.

LaFeOs 1s used in vanious forms: powders [66], thin films [67] for the SE in gas sensors. At
work Lee [68] has been shown that Fe-O bonds are more active toward the gas as a result of
faster oxygen reduction on the Fe-O surface with (010) orientation than on La-O bonds in
LaFeOs films [69].
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Table 4. Crystal structure and properties of LaFeQs.

Siructure/property Data Ref.
a=5552 A
b=5.563 A
Cell parameters =7.843 A
o=p=y=90° CIF file:
Cell Volume 0.2422 nm’ #1526450
Space Group Pbnm [62]
Density 6.48 g.cm™
Neel Temperature 750K [70]

LaFeO:s 1s usually doped with elements on second oxidation state: Sr, Co, Ca, Ba, Cu, L1, Mn,
Zn by replacing La**. Use of dopant affect oxidation sate of iron from Fe®* to Fe *_ It leads to
creation oxygen vacancies which has strong influence on electrical conductivity of

semiconductor.

2.2.3 Cristal structure of LaCoO3

In perovskites we can observe high temperature superconductivity, band ferromagnetism and
other. We can observe also different physical properties m one crystal. These phenomena can
be observed in perovskites with Mn, Co, Ru. LaCoOs 15 a compound with excellent electrical,
catalytic and magnetic properties. Mixed conductivity 1s unusual, high 1omie conductivity and
electric conductivity allow to used LaCoOs as cathode matenial for fuel cells (SOFCs), oxygen
membranes and as a CO catalyst [71]. LaCoOs crystallizes in a thombohedral structure, due to
rotation and compression of the BOg octahedra along the [111] axis of the cubic umt cell It
remains in this form up to melting pomnt 1740 °C (Table 5). The rhombohedral distortion of
LaCoOs decreases with increasing temperature and A site cation concentration [72]. LaCoOs
cell 1s presented 1n Figure 17. In this figure, position B (blue atoms) 1s occupied by La atoms,
while the CoOgs octahedra are represented in yellow color. The relations between the
rhombohedral and cubic cell parameters are ag=ac+cc, br=bc+ac, cg= bc +cc. One can notice
that the thombohedral distortion 1s weak, with an angle o =60.99° instead of 60° in the 1deal
cubic structure (Table 5). Another way to describe the structure 1s to use the hexagonal settings,
where the c axe 15 along the [111] axus of the umt cubic cell. The relations between the axes of

the hexagonal and the cubic unit cells are ag =ac-bc, bs=bc-cc, ce=2(actbc +cc)

The relations between the Miller indices of the planes in the hexagonal and cubic settings are:
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Figure 17. LaCo0Os rhombohedral cell, showing the rotation of octahedra

Table 5. Structure and properties of LaCo(Os

Structure/Propriety Data Ref.
a= 54350 A
Hexagonal settings 112251,;3‘]5?:]5
Cell parameters a (°)= 90 B(°)= 90 ¥(°)= 120 CIF file
a= 53417 A u
- : 1530874
Rhombohedral settings @ (°)= 60.99
Cell volume 110,18 A
Space Group R3c [167]
Density 7.25 g.cm™
Melting temperature 1740 °C [73]

The presence of a mixed state of Co® and Co*" affects the electrical properties. The spin state

of 1ons 15 modified not only by temperature, but also by the change in gas pressure [74].
Possibility to change 1on spin state of Co 1s unusual and 1t doesn’t appear in other magnetic
oxide matenals [75].

Three spin states of cobalt 10ns are possible:
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— low spin (LS) (0 — 100 K),
— medium spin or intermediate spin (IS) (100-500 K),

— high spin (HS) (over 500 K).
Spin State Co?* Co**
LS 44 S=0 |, s-12
5 | T se1 |7 -3
HS —s=2 |4 s=5n|
4 i '

Figure 18. Co*™ and Co*" spin states [76].

In range from 0 to 100 K ions Co®* are low spin and resultant spin is equal 0. From 100 K ions
of Co** are slowly changing spin state from low spin to intermediate spin this change requires
energy to jump over band gap. This effect 1s only possible in this group of matenials. Fission
energy of 3d shell caused by oxygen octahedra surface and energy of spin coupling (Hund’s
rule) are close to thermal energy ksT. That’s why not only spin states can be modified by change
of temperature but also by change of pressure. Pressure allows to change magnetic properties

of materials by change:

— distance between atoms,
— bond length,
— angle bond.

These parameters have strong nfluence on 1on spin state in LaCoQs. Temperatures of existing
spin state can by modified by pressure which 1s proved by Asai ef. al. [77]. Normally spin
change from low spin to intermediate spin occurs in 100 K, but with pressure 18.2 kbar spin-
state transition temperature increased. Increase of pressure causes also extension of band gap
which leads to limitation of electrical conductrvity.

LaCoOs 1s a n-type conductor [4]. Electrical conductivity occurs through the charge exchange
between Co - O - Co bonds which increase the 1on conductivity by 3 orders of magmitude [72,
73, 78]. In range of 110 K to 350 K, excitation of electrons from a narrow valence band to
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localized states at high-spin cobalt sites introduces mobile small-polaron holes and trapped
electrons at stationary Co®* 1ons [73]. Increase of temperature above 650 K leads to stabilization
metallic phase which contains high spin cobalt 1on Co**, medium spin Co(III), with partially
filled electron shell responsible for p-type conductivity [72], [73], [78]. Oxygen 1ons in LaCoOs
diffuse due to the presence of vacancies [79]. LaCoOs 1s a pronusing matenal for detection of
CO at low temperatures [80][81] — [82].

LaCoO; attracted the attention of scientists due to changes taking place in this material LaCoOs
in 1ts basic state 1s a non-magnetic insulator without a long-range magnetic order. The basic
spin state is associated with the Co* ion in the low spin state (LS) due to the separation of a
crystal field sphtting larger than Hund’s - rule coupling. Perovskite consists sharing corner
octahedra. Octahedra consist of oxygen 1ons in the corners and TM 10ns in the middle. La 1ons
occupy empty spaces between octahedra. In addition to a few special cases with a cubic
structure [83], [84]. Low-spin Co** configuration makes L.aCoOs, a diamagnetic insulator at the
lowest temperatures. It becomes more metallic at the highest temperature where an
intermediate-spin state is stabilized at the Co* ions [85]. LaCoOs in range from 25 to 125 °C
1s semiconductor [74], [83]. Increase of temperature above 125 °C causes rapid mcrease of
conductivity. In range 125 — 650 °C conductivity increase by magnitude of two orders. In range
from 650 to 937 °C increase of conductivity less rapid and reach flat maximum Above 937 °C

conductivity decrease with increase of temperature [83].
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2.2.4 Cristal structure of YSZ materials
YSZ 1s zircomum oxide (ZrO:z) doped by yttrium, which 1s a thermal msulator with high
chemical stabality.

This material occurs (depending on the amount of dopant) in the form:

- cubic (most common structure),
- tetragonal,

- monochme.

Martensitic transformation m ZrO» excludes this material from many applications due to the
change in volume during transformation. Therefore, it is possible ways stabilize ZrO,. This can
be achieved, by introducing the addition of yttrium, which stabilizes the ZrO; structure.
Substituting Zr** 1ons by Y**, increase number of oxygen vacancies. This leads to increases of
1omic conductivity of the matenal, which is particularly desirable in gas sensors. The 1on
conductivity of 8YSZ compared to other matenals 1s shown on Fig 21. The crystal structure
depends on the content of Y203 adnuxture, the most popular variety 1s the cubic structure with
9.5 mol% Y>0s.

We can distingmish several crystallographic structures:

a) C-YSZ (Cubic Yittrium Stabilized Zirconia) - solid solution Zr(O» with an dopant of
Y203 1n the range of 6 - 10 mol%. Cubic material with lugh 1omc conductrvity at
temperatures above 900°C [75].

b) PSZ - ZrO: solid solution with Y203 dopant 1n the range of 4 to 5 mol%. It 1s a mixture
of cubic and tetragonal phase, has high mechamical strength [86].

¢) TZP - 1s the third vanant of the ZrO; solution with Y>0; dope in the range of 1-3 mol%
Y>0;. It 1s a polycrystalline material with a tetragonal structure, thanks to which 1t 1s
characterized by excellent mechanical strength and resistance to breaking, which 1s why
it 1s often called ceramic steel [87][88] — [89].

In all types of YSZ, 1onic conductivity 1s accomplished by oxygen vacancies.
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Figure 19. Phase diagram of Y20:-Zr0s [90].

The phase diagram (see Figure 19) shows that the tetragonal phase 1s not a stable phase [90];
however, thus phase may be metastable at room temperature [91].

35



2.3 PLD METHOD FOR THIN FILMS DEPOSITION

There are many methods for producing SE for gas sensor application. The most popular
methods are:

— sol gel [21],

— screen prinfing [39],
— CVD (Chemical Vapour Deposition) [92],

— PVD (Physical vapor deposition) [36].
In this work, the SE were produced using the PLD method, which 1s one of the PVD method.

The PLD method 1s one of the vacuum techmques. It deposits a thin film due to the ablation of
the target by laser. In this method, the energy source (laser) 1s located outside the working
chamber, thanks to which it 15 possible to carry out the process in a hugh vacuum or in a gas
atmosphere [93]. The PLD method owes its populanty to the ability to transfer the
stoichiometry of the target matenal to the substrate, high application speed (approx.
0.05 nm/ps) and the ability to apply any type of matenal (semuconductors, oxides, carbides,
metals, and even polymers). During the process, the material can be deposited from several
targets, which allows obtaiming films of complex chemical composition. As a result of changing
process parameters, the properties of the material obtamned can be sigmficantly modified, for
example regarding stress, texture, reflectivity, magnetic properties, grain size, and morphology.

Parameters of PLD process can be divided mto several groups:

— laser parameters (wavelength, pulse length, frequency, number of shots, energy
density),

— target (target roughness, distance between the target and substrate, target rotation speed,
thermal conductivity, melting point), raster,

— process parameters: temperature, gas pressure in chamber.

PLD aperture consists of the following elements (see Figure 20):

1. Laser — regardless of the type of laser, we can distinguish the basic elements as:

— an active medium 1s a storehouse of atoms, 10ns or particles that generate radiation as a
result of excitation,

— apumping system whose task 1s to excite the active medium,

— the optical resonator strengthens the radiation generated and forms a beam,

— cooling system,
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— electrical supply system.

2. Supporting structure covering:
— process chamber,
— rotating substrate table,
— rotating table for targets,
— heater

2

— quartz window.
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In PLD method most common are Nd-YAG and excimer. Type of laser determine not only
working principle but also efficiency and most importantly wavelength operation, different
laser specification are presented in Table 6.

Figure 20. PLD Aperture [94].

Table 6. Laser specification [93].

Lases Ok laser R YA laser Yh-fiber laser Excimer laser
Application SLA, SLM, 515, LENS ELM, SLS, LENS SLM, LS, LENS SLA
193, 248, 308 nm
Ohperation wavelength 9.4 & 10,6 pm 1.06 tm 1.07 e (ArF, KeF, XeCl
respoctively)
. . Lamp :1-3 %,
Efficiency 5-20'% ~Amp Py 10-30 % 14 %
ey Diode pamp: 10-20 % -
Crutput power (CW) Up 1o 20 kW Upto 16 kW Up w 10 kW Averuge power 300 W
. Flashlamp Excimer recombination via
Pum Electrical dischar , Laser dinde ) \
p spuree B or laser diode ' electrical discharge
Chperation mode CW & Pulse CW & Pulse CW & Pulse Pulse
Pulse duration Hundreds ns-tens ws Few ns-tens ms Tens ns-tens ms Tens ns
Beam guality factos 160 = 20
35 0.4-20 03-4 . .
(mm-mrud) (Wertical = Horizomal)
Fiber delivery Mot pessilie Possible Pousible Sipecially designed fiber
IECEsEAry
i . 200 hes (Lamp Kifi) Maintenames free 1079 pulses
Maitemancy pecinds 2000 bry 10,0000 hrs {Diode lifk) (25,000 hrs) {Thysatron life)
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In Nd-YAG Laser — active medium is rod shaped solid crystal Nd**-Y3Al5012. Laser have
central wavelength of 1064 nm, but with use of different harmomnic it can be changed in range
from 266 to 1064 nm. It 15 one of the most popular high-power laser [95] Light beam can be
delivered by flexible optical fibers which 1s great advantage over CO: laser. Scheme of Nd-
YAG laser 1s presented i Figure 21.

"Highly reflective Y Ancde (+)
mimor _ Nd:-YAG rod

Laser beam | _ Laser beam
| S # Laser output
Faths for | ; -
pump light 4+ Cawv/’} Ve
“-'——44:' reflecior '\
: Xe flash lamp Quiput coupler
Cross-saction Cathode (-) micror

Figure 21. Scheme of a Nd:YAG laser [93].

It can work 1n two modes: pulse and continuous. In pulse mode equipped with g-switch duration
of pulse can be several ns. In continuous mode pulse duration can reach 150 ns. Use Xenon
flash lamps can lead to low beam quality. Thermal heating of optical elements causes thermal
lensing and birefringence effects which have negative impact on beam quality [96] [97] —[98].
Those disadvantages are reduced by developments of diode-pumped systems [99]. Power in
pulse mode can reach 20 kW and energy to 120 J. Availability made Nd-YAG very popular in
many applications like: parametric study [99][100] — [101], optimzing manufacturing
parameters [102], [103].

Excimer laser —belongs to 1onic lasers group. The active medium of these lasers are gases e g
XeCl, KrF. Excited dimer 1s gas mixture of noble gases (Ar, Kr, Xe) with halogen and buffer
gas (Ne, He). Wavelength depends on used gas mixture (Table 7). ArF, KrF, and XeCl lasers
are the most popular excimer lasers m mdustry [104].
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Table 7. Excimer laser charactenistic.

Laser medium Wavelength Output energy per Average output power (W)
(nm) pulse (J)
ArF 193 02-03 10
KrCl 222 0.03 1
KrF 248 03-04 18
XeCl 308 0.08-02 8
XeF 351 0.08-0.15 7

Excimer laser consists in a pump source, a gain medium and an optical resonator. The gain
medmum 1s pumped by electrical current.

Pre-ionization
(a)
sysiem
Y Gas

circulation
fan

Metal
electrodes

Power supply
and thyratron
switching

circuits _./)"/_’

Figure 22_ Scheme of excimer laser [95].

Excimer laser can work only in pulse mode, with pulsed duration of 10 — 300 ns and energy up
to 2 J with a frequency of up to 1 kHz in range of UV light. One of the big advantages of this
laser type 1s high efficiency (0.3%) and possibility of reaching high energy n UV range which
1s great importance because most of the materials in this have high absorptivity in this range
[105]. One of drawback of this laser 1s one possible working frequency depended of used gas.
Because 1n lasers used in PLD process 1s required high energy density (MW/cm?), creation of
high density of planting 1s required. Process 1s highly unstable and discharge last couple
nanoseconds. It 1s realized by high voltage switch, unfortunately this 1s main cause of laser
breakdown which makes them difficult to mamntain. In excimer laser light coherence (beam
quality) 1s lower than in Nd-YAG laser. Gases used in excimer lasers are lighly corrosive,
dangerous, expensive and they can work for short amount of time and they have high running
cost [106].
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In vacuum chamber the subsequent elements of the apparatus are located. The laser beam enters
the chamber guided by a murror system. The laser beam 1s focused on the surface of the target,
which 1s most often found on a rotary table. Above the targets there 1s a substrate holder and a
radiator in Figure 20. In the PLD process, the thin film 1s produced as a result of laser impact
with target material which leads to material evaporation. The laser beam reaches the surfaces
of the nontransparent matenial undergoing partial reflection and absorption depending on the
physical properties of the target and its surface in Figure 23 Interaction of the laser on the target
material 15 divided into three stages:
a.) adsorption — as a result of which the target surface 1s quickly heated and then cooled, as
cyclical process. As the target warms up and cools, 1ts morphology changes, and hence

its reflectivity. The state of the surface (reflectivity) significantly affects the structure
and properties of the obtained films,

Ablation of LASER

material

Sound waves Plasma steam

™~

Critical surface
Electron heat

conduction area
Face of schock wave

Ablation surface

Sound waves +

Figure 23 Interaction of the laser on target

b.) as a result of desorption and ablation 10ons are detached from target. Detached particles
of matenal are 1omized and form a plasma cloud. As a result of the formation of the
plasma, which shields the target surface from laser beam which leads to temperature
drop on target surfaces. Local stretching and the appearance of chemucal and
metallurgical defects are caused by ablation phenomena created by shock wave and
sound wave. This phenomenon 1s called relaxation,



c.) final stage 1s plasma shift by a velocity vector perpendicular to the surface of the target
(see Figure 23).

As result of ablation process on surface, thin film 1s deposited which structure depends among

others on target melting temperature, gas pressure and process temperature. Layer structure

model deposited in vacuum with presence of plasma was described by Thorton (see Figure 24).
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Figure 24 Structure-zone diagram for thin films by Thornton [107].

Characteristic zone for PLD method 1s a transition zone with a columnar structure in the range
01 to 03 T/Ty,.

Zome 1 FiT,=04

LY

Figure 25. Schematic three-zone model for the temperature dependence of the growth thin films. Ts/Tm represents
the ratio of the substrate temperature to the melting point [108].

41



Low process temperature can cause deposition of amorphic thin films. As Jurusik ef. al. proved
layers of Cd:As: deposited at temperature T./Twm<0,4 were amorphous (see Figure 25),
consisting spherical or elongated fibrous grains or with large number of pores, cavities.
Amorphic structure in I zone was also reported in semiconductor for example germanium films.
Transition temperature 1s influenced by base pressure in vacuum chamber [109], [108].

SN

ERGCSGRAETS

Temperature

Gas Pressure

Figure 26. Impact of process parameters on thin films structure [65].

Thin films deposited in low pressure and low temperature characterize by dense polycrystal
structure due to mgh Surface diffusion (Zone A i Figure 26). Increase of the temperature (Zone
B n Figure 26) cause creation of strongly ordered columns with dense structure. Thin films
deposited 1n high pressure and high temperature have colummar grains at the entire cross section
of film Surface diffusion 1s lower than n region and shadowing effect 1s present (Zone C in
Figure 26). Region D 1s typical for columnar growth contain loosely packed cluster of atoms
with pores. The influence of the beam energy on the kinetic energy of the deposited particles 1s
small, however, the use of gas mn the working chamber has a much stronger effect on their
energy and thus on the structure of the films. Duning the growth of oxide films, the presence of
oxygen 1 the chamber 1s necessary to create a layer with sufficient oxygen. A 0.3 mbar oxygen
pressure 1s required to produce the perovskite structure at high temperature. Due to the presence
of gas, the energy of the particles can be reduced even to 1 eV due to collisions of the disk
particles (plasma cloud) with gas atoms. The probability of collision of high-energy 1ons 1s
higher, which may result in the ejection of the 1on from the plasma cloud, while 10ns with lower
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energies more often reach the surface of the substrate without collision with gas atoms [93]. As
a result of the increase in the working gas pressure, the plasma growth and reaction with the
working gas 1s mhibited, which in turn reduces the energy of particles in the plasma cloud.
Changes in the energy of the particles affect the structure and texture of the layer. Therefore,
the laser beam energy and working gas pressure may allow controlling the structure of the
obtained films. All of the above parameters affect layer growth processes.
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2.4 OBJECTIVE AND THESIS OF WORK

Beanng in mind the latest reports in the literature, 1n this work the main purpose was to analyze
the structure and properties of thin films LaCoOs and LaFeOs deposited by PLD method as
sensing electrode for electrochemical and resistance sensors. LaCoQ;3 and LaFeQs were chosen
as the sensing electrode matenial due to their potential use in industry, chemucal stability at
elevated temperatures, long life, and sensitivity toward polluting gases. The thin films will be
used as the sensing electrode in resistance and potentiometric sensors. In resistance sensors,
surface development has strong impact on the sensing properties of gas sensor, since all
adsorption and desorption phenomena occur on the surface only at a depth of 7 nm In
potentiometric sensors, not only the sensing electrode material but also the electrolyte material
plays an important role. Because the gas reaction (charge exchange) occurs on TPB (three phase
boundary). S1(100), YSZ95 (100) and YSZ-35 substrates were used in this work. In both case
substrate and SE material has big influence on properties. The Si substrate was used as reference
substrate. YSZ-95 substrate with cubic structure and omentation (100) 1s often used mn
electrochemcal potentiometric sensors, while the YSZ-35 has a tetragonal type structure and
very good mechanical properties, 1t 15 often called ceramic steel The concept of the work
assumed the possibility of replacing the YSZ-95 monocrystalline substrate with the
polycrystalline YSZ-35 substrate, which 1s more resistant to damage. The main potentiometric
sensors are based on thick coatings in the micrometer range, but research conducted by Ueda
et al_ [37] showed that also thin films (250 nm) can be used as sensing electrode. Therefore,
author made attempt to produce thin nanometric layer for application as resistance and

electrochenmical sensors.

Taking 1t in to consideration in this thesis author decided to produce thin films with nanometric
grams by PLD method using different substrates (S1, YSZ) and two sensing materials LaFeQOs
and LaCoOs. The sensors were tested to sensifive fowards NOx.

Realization of the assumed goal required:

selection of deposition parameters (PLD method),

selection of substrate (solid electrolyte i electrochemucal gas sensors),
— structure analysis by means of: XRD, SEM, AFM, TEM, XPS,

— measurements of sensitivity and response time in NO» presence,



Based on the set goals, theses were formulated:

1) It 1s possible to produce thin films with nanometric prains by PLD method sensitive
towards NO,.
2) C-YSZ as a solid electrolyte can be replaced by TZP.

The films as electrodes will be deposited on two types of substrate, which 1s an additional
cognitive character because they provide knowledge not only regarding the nfluence of the
morphology of measuring electrodes but also the influence of the Y203 dopant on the properties
of the sensor. The obtained results will contribute to the broadening of knowledge 1n the field
of electrochemucal sensors, which will allow to improve currently used sensors of one of the

more toxic NOx gases.
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3 METHODOLOGY AND RESEARCH TECHNIQUES.

In this section, the elaboration of thin films by PLD i1s described, as well as the different
characterization techmques used mn this work.

3.1 THIN FILM DEPOSITION

3.1.1 Target preparation
LaCoOs targets were made by powder metallurgy, LaFeQO; target was purchased in Kurt J.

Lesker Company.

Target LaCoO3; was made by mechanical alloying m a ball null from powders La;03 and Co304
with ratio 1:3. Process parameters are presented in Table 8.

Table 8 Parameters of mechanical alloying process.

. Milling time Interval Rotation speed
Material . )
(h) (min) (rpm)
LaCoO; 30 20 650

Preparation stages of target LaCoOs:

- Ball milling processes,
- heating process at 700 °C for 4 hours,
- pellet obtained under pressure,

- sintering process carried out at a temperature of 1350 °C for a period of 10 hours,
- cooling 1n furnace.

3.1.2 Thin films preparation

In this work were used 3 types of substrates:

— Si1onentation (100),
— C-YSZ 9.5 onientation (100) — Cubic structure,
— T-YSZ 3.5 — Tetragonal structure_

The dimension of substrates and preparation process before PLD deposition are summarized in
Table 9.

Table 9 Sample preparation for PLD process.

Cleaning in acetone in

Material Dimensions . Drying
ultrasonic cleaner
S1 10mm x 10 mm x 1 mm X X
YS5Z£95 10mmx 10 mm x 1 mm X X
Y5235 100 mm x 100 mm x 0.1 mum X X
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Before the deposition process, the substrate was washed in acetone 1n an ultrasonic cleaner for
15 min, then air dried. Then substrates were installed in the PLD chamber. Due to size, YSZ
3,5 was previously cut to 10 by 10 mm pieces using a diamond saw. In Table 10, PLD

parameters are shown.

Table 10. PLD parameters.

Parameter Value
Energy 90 mJ
Target — substrate distance 70 mm
Shots in pre-ablation 10000
Shot frequency 10 Hz
Vacuum pressure 5%10°Pa
Number of shots 20000
Temperature 750 °C, 850 °C, 1000°C
Gas pressure (05) 40 mTormr

As matenal for sensing electrodes (SE) were chosen LaCoO; and LaFeQ; perovskates. In this
work the following sample names were proposed: material-temperature-substrate for example
LaCo03-750-S1 as SE was used thin film of LaCoQOs deposited at 750 °C on S1 (100). Table 11
and Table 12 summarize the list of samples that will be exanmine m this research work.

Table 11. Sample list of LaFeO;

Deposition Temperature °C

Substrate 750 850 1000
Si X X X

YSZ-95 X X X

YSZ-35 X X —

Table 12. Sample list of LaCoO3.

Deposition Temperature °C

Substrate 750 850 1000
Si X X X

YSZ-95 X X X

YSZ-35 X X —
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3.2 RESEARCH TECHNIQUES

To achieve the assumed goals several research techmiques were used. To analyze phase
composition and to obtain information on cell parameters, XRD in grazing incidence was
performed on thin films Surface morphology was exammated by means of AFM and SEM.
Information about the shape of the grains, the exposed crystallographic planes, as well as the
chemical composition were collected on cross-section samples by means of XPS, TEM and
HREM. The reactivity of thin films towards NO> was studied through resistance measurements
and electrochemucal tests.

3.2.1 X-Ray Diffraction
The X-ray diffractometer PAN analytical EMPYREAN DY 1061, equupped with Cu Ka lamp,
was used. The radiation of the copper lamp was L Kq; = 1.54060 A and L Kop =1 54443 A

X-ray analysis was carried out with the following parameters:

— fixed mcidence angle a =0.7; 1; 3°,

— angular range: 26 =20 —-80 ",

— measurement step: Af = 0.03°,

— step time: t=20s.
Highscore software was used for phase analysis. Crystallite size and cell parameters were
obtained using the MAUD refinement program.

3.2.2 Scanning Electron Microscopy

For Scanming Electron Microscopy, the Zeiss Supra 40 microscope was used. The following
parameters were used for imaging: Inl.ens detector, accelerating voltage in the range of 5 kV
to 15 kV.

3.2.3 Atomic Force Microscopy

For surface analysis, the Veeco Dimension Icon TM SPM mucroscope was used. Results
analysis was carried out using the Nanoscope V software. The tests were conducted in the scan
assist mode, the size of the test surface vaned from 100 nm to 2 pm with a scanming frequency
1 Hz and number of lines from 128 to 2048.

3.2.4 Transmission Electron Microscopy

Two transmission microscopes were used m this research work. The TEM Tecnai 200 kV,
located at the University of Toulon, with a point to point resolution of 0.25 nm, equipped with
a 4K ultra-fast One view camera allowing conventional imaging of thin films. At AGH, the
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Titan Cubed 2 60-300 (FEI) in the STEM-HAADF scanmng and transmission mode allowed
atomic resolved chemical composition analysis of thin films.

Cross-sections for TEM were made using 3 methods: conventional, tripod and FIB

3.2.4.1 Conventional method

Sample preparation scheme using the conventional method, ie. Mechanical thinming
followed by dumpling and 1on nulling, 15 shown 1n Figure 27. The samples were cut with a
diamond saw into 2 mm wide strips, then the slices were put face to face into a brass pipe
filled with Gatan glue. In order to cure the glue, the pipe was heated to 100°C and hold for
1 hour. After the glue dried, the tube was cut into slices with a thickness of about 500 pm
with a diamond saw. The discs obtained in thus way were glued to DiscGrinder plot and
polished with abrasive papers from 800 to 4000 gradations. After the imtal polishing
process was completed, plastic polishing dises with diamond particles grading from 3 pm
to 0.1 pm were used. The sample prepared m this way was placed mn the Dimpler. As a
result of the wheel rotation, a cavity was formed in the sample. After reaching a materal
thickness of about 20 pm, the sample was placed in a Gatan PIPS, parameters are presented
in Figure 27Blad! Nie mozna odnalez¢ Zrédia odwolania..
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Figure 27. Scheme of conventional cross section sample preparation

Table 13. Parameters of PIPS process.

Angle (%) Energy (kV) Time (min)
-B/+6 5 60 — 180
-4/+6 4 30-180
-2/+4 4 30 -60
-8/+8 2 30

50



3.2.4.2 Tripod method
Another method of cross-section preparation was the Tripod method. A description of this
method 1s shown m Figure 28.

I Thin Film . 10 mm
Substrate o

W Glue
Vil \
e

# Are of interest

¥ o 5
o {-\\Q $§"

W/'} >

4— -2 mm —  4—]-2mm —

Figure 28 Tripod method [110].

In this method 3 mm sandwich was glued to Pyrex stub. Sample was polished to obtained
desirable thickness. After that sample was polished with shght angle (o = 1) to obtamned thin
region (60—80 nm thick) on the edge.

3.2.4.3 FIB method
Focused Ion beam, or FIB, 1s a method that used a focused galllum beam mn order to cut a thin
slice of matenial transparent to electrons [111]. Due to the high hardness and brittleness of YSZ
9.5, 1t was difficult to produce high quality cross-sections for TEM observation though the
methods above mentioned. That 15 why we have chosen to produce TEM samples via Focused
Ion beam. FIB TEM samples preparation was subcontracted to were prepared in PAN and in
IC-EM at AGH.

3.2.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy or XPS analysis was carried out using a PHI Versa Probe II
device equipped with an Al Kal,2 anode with energy equal to 14866 eV m an argon
atmosphere. The first measurement was carried out on the surface of the sample, and then some
of the matenial was removed with argon ions. Then another measurement was made, the
procedure was repeated until the substrate was reached. This allowed to obtain a profile of the
concentration of elements through the entire thickness of the layer. XPS analysis was
subcontracted to ACMIN, a facility at AGH.
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3.2.6 Resistance measurements

The study of electrical properties was carried out at the University of Toulon in the IM2NP
laboratory. The electrical resistance measurements were performed using an electronic interface
related to the computer. The whole experiment was confrolled and momitored by a computer
allowing fo save data. LaFeOs and LaCoOs samples were studied under the following gases:
NO», CO, NHs. The tests were carried out in the temperature range from 25 to 450°C. A
schematic of the resistance test apparatus 1s shown n Figure 29.
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Figure 29 Schematic of the resistance gas experiment [112].

Resistance tests were carried out in a chamber with a volume of nearly 1 liter. Gas flow was
200 ml/mun. A Kethley 6517 electrometer and Labview sofiware allowed to momtor the
resistance changes of the SE in presence of gases. Different gas composition was obtained by
mixing NOz with artificial air using MKS flow controllers.

Samples before were tested in gas presence with use two different contact method:

Physical contact method — The measurements were carried out by pressing 2 needles to the
sample surface. This method 1s characterized by hugh sensitivity to vibrations, which may cause
the needle to move and thus change the position of the baseline. In order to eliminate these
problems, the author developed other electrical contacts.
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Fixed contact — Before the deposition process, 100 nm thick platinum electrodes were
deposited to the substrate surfaces by the magnetron sputtering method. Figure 30 presents the
sample preparation procedure used for resistance measurements.

STEP STEP | STEP

01 02 03

--._\
DEPOSITION OF PT ELECTODES DEPOSITION OF SENSING LAYER III CONMECTION CREATION

Figure 30. First stage of gas sensor preparation. Second stage of gas sensor preparation — SE deposition. Third
stage of gas sensor preparation - Pt contact.

The substrate was washed in acetone in an ultrasonic cleaner and then dried m arr. A 1 cm wide
mask was applied to the sample and then placed in the working chamber. Platinum electrodes
were deposited by magnetron sputtering, process parameters are gathered in Table 14. The next
stage was to place the substrate with electrodes in the PLD chamber and SE deposition. The
last stage of sample preparation was the creation of connections. To connect the sample with
measuring devices, platinum paste was applied to the corner of the sample, followed by the
platinum wire. To dry the platinum paste, the sample was placed in a furnace at 850°C for
30 min. Sample ready for resistance measurements 1s presented mn Figure 31.

Table 14. Parameters of Electrodes deposition

Process Time (min) Interval (min) Current (pA) Cycles number
5 3 0.1 5

To established sensitivity given formula was used:

Rair — Rgas

Sensitivity = Rair

Response time was calculated as time needed to reach 90 % of Rgas.
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Figure 31. Prepared sample for resistance measurements a) Top view b) cross-section

3.2.7 Electrochemical measurements

The tests were carnied out at AGH in the Material Science and Ceramics Department. Due to
the different configuration of the electrochemical sensor from the resistance sensor, the sample
preparation process was different. A platinum paste was applied to the sample in the center of
SE and in the canter of the substrate (see Figure 32), a platinum wire was additionally attached
to the electrode on SE, enabling connection to the measuring apparatus. To fire the electrodes,
the sample was placed 1n a furnace at 850°C. The sample prepared m this way was glued by
Ceramabond 552 glue to the ALOs tube.

Pt - wire

SENSING LAYER

¥5Z - SUBSTRATE

Figure 32 Fully equipped electrochemical gas sensor
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Figure 33. Schematic representation of cell.

The electromotive force (EMF) of samples was measured as function of temperature (400 —
700°C), NOz partial pressure and time in the cell shown mn Figure 33. On the measuring part
different gas composition was obtamned by moxung NO, with artificial air using MKS flow
controllers. The EMF, time, temperature was measured by usmg Hewlett-Packard HP 34401A
multimeter, connected to the multiplexer.

55



4 STRUCTURAL CHARACTERIZATION

4.1 STRUCTURAL CHARACTERIZATION OF LACOO3; THIN FILMS.

4.1.1 LaCoOs; thin films on Si (100) substrate

The X-Ray diffraction of LaCoQs-T-S1 films was carried out in grazing geometry at a constant
angle of mcidence a = 1°. The depth of penetration calculated with the GIXA software was z =
78 nm. The identification of phase was based on ICPDS base card number 04-007-631
rhombohedral phase of LaCoOs. The X-rays diffraction patterns of LaCoOs thin films on Si1 are
shown in Figure 34. All three diffractions patterns correspond to the expected rhombohedral
phase. Also, there are no peaks corresponding to other phases such as La:0s.

Due to measurements with a constant mcident angle, we cannot examune for specific
crystallographic orientation, but we can say that with mcrease of process temperature
crystallographic orientation 1s changed, taking into account peaks in range from 20° to 40°. The
most intense peak mm LaCoO3-750-S1 15 (012), as for thin film deposited n 850 °C and 1000°C
the most intense peak 1s (110). Observation of the mtensity of these two peaks allow to conclude
that in the higher process temperatures (850 °C and 1000 °C) we have different crystallographic
onentation than in the sample deposited 1n 750°C.

For refimements of cell parameters, we used MAUD software with the standard cif file 1530874.
The results are presented i Figure 15 Due to the increase in temperature, the size of the unit
cell and the angle o decrease. Computed values are larger than the reference values, which may
be due to the presence of cobalt vacancies. Vacancies are influencing the 1on state of Co.
Change of oxidation state from Co®* (0.75 A) to Co** (0.67 A) influences the cell volume by
change of Co 10ns radius. The refinements results show that there 1s no significant changes in
the lattice parameters for deposition temperature of 850°C and 1000°C, but thin films deposited
at 750°C exlubit somewhat higher cell parameters. At angle 26=56° i LaCo0Qs-850-S1 and
LaCo0Os-1000-S1 samples, one can see a blur diffraction peak corresponding to (311) Si,
although the substrate 1s (100) oriented. This 1s due to the grazing incidence of X rays. The
angle between (311) and (100) planes 1n S1 15 25.2° and 15 near of Bragg angle theta for (311)
6=28.28" (Acu), which gives in the XRD pattern a peak at an angle 26=56.56°.
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Figure 34. X-Ray Diffraction pattern of a) LaCo03_750-51 b) LaCoO3_850-51, ¢) LaCoO3_1000-51. The peaks
are indexed in the hexagonal settings.
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Table 15. Refinement parameters obtained in MAUD software.

Sample name a (i) a (%) Vol (A% Rexp / Rwp CZ;::HI
LaCo03-750-51 54199 60.72 114 41 432/6.79 49 nm
LaCo0;-850-51 53971 60.69 11290 6.90/10.56 51 nm

LaCo0;-1000-51 5.3980 60.67 11290 6.25/9.16 X

The mean crystallite size was also extracted from the diffraction pattern (see Table 15). Agamn,
due to grazing incidence, the mean size corresponds to the crystallite size parallel to the
substrate. The deposition temperature does not influence the crystallite size. Due to presence of
additional phases analysis of crystal size in LaCo0QO3-1000-S1 was not done.

Surface studies of LaCoOs3;-T-S1 using SEM allowed to obtan information on cracks,
occurrence of droplets and mucrostructure of the surface.

The SE surface 1s one of the key factors affectng the sensitivity of the sensor due to the different
activity of crystallographic planes exposed to gas. The LaCo0;-750-S1 surface 1s covered with
a large number of nanoclusters or droplets (see Figure 35a) and cracks (see Figure 35b). Cracks
are particularly undesirable in gas sensors application due to the unwanted diffusion of the gas
towards the substrate. The grains of LaCoOs are small (20-30 nm) and do not appear facetted.
As a result of the increase in deposition temperature to 850°C, the number of nanoclusters
decreases (see Figure 35c¢). Thera are no hiterature about negative influence on gas sensing
properties of nanoclusters. Nanoclusters are present but they are smaller and less frequent.
There are no more cracks. Morphology and gramns size are changing with deposition
temperature and grains size 1s increasing with the increase of temperature. For LaCoQs-850-S1,
the grains are facetted with tnangular section shape, with size around 100 nm. The triangular
grams have flat termination. Some grains appear rectangular with a 4-facets tip ternunation.
This triangular shape 1s lost for the LaC00O3-1000-S1 thin film (see Figure 35f & g). In this sample,
we discovered gramns with wregular shape and grain size m the range 50 — 150 nm_ In order to
verify the chemical composition of films and droplets, EDS analysis was performed, using the
target as a standard (see Table 16). The chemucal composition of the nanoclusters 1s consistent
with the chemical composition of the layer and shows a cobalt deficiency. This result 1s in
accordance with the cell parameters obtamned by XRD refinements. Phase composition 1s
influenced by oxygen pressure during deposition process [108]. In our case too low oxygen
pressure in chamber lead to a cobalt deficiency in LaCoOs layer.
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Figure 35. SEM micrographs of a) LaCoOs3-750-51 - 10x b) LaCo0s-750-51 - 50x, c) LaCo03-850-51 - 10x, d)
LaCo0s-850-51 - 50x, €) LaCo03-1000-51 - 10x f) LaCo03-1000-51 - 50x

The topography of thin films surface was analyzed using AFM technique. AFM analysis was
carried out 1n area: 1 pm x 1 pm, 500 nm x 500 nm, 200 nm x 200 nm and 100 nm x 100 nm
Selected results are presented in Figure 36a-c.

Table 16. EDS results of LaCo(O3-850-51

Element Nanocluster Region Thin film
(Atomic %a) (Atomic %)
Lal 56 35
CoK 44 45
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Figure 36. AFM images of LaCo(03-51, a) LaCo03-750-51, b) LaCo03-850-51 ¢) LaCoOs-1000-51

The influence of deposition temperature 15 visible on the surface. As we observed m SEM on
the LaCoQOs-750-51 surface there are a lot of small nanoclusters. The nanoclusters are smaller
n thin films LaCo0s3-850-51 and less frequent, surface wrregulanty 1s bigger (see Figure 36b).
No nanoclusters are observed in LaCoQOs-1000-51 (see Figure 36¢). We calculate the roughness
parameters Rmax, Ra and Ry. Rq also called RMS 1s root mean square average of height deviation
taken from the mean image data plane. Ra 1s average dewviation from mean line. Rumax 1S
maximum peak to valley height.

The analysis was made mn region free from the nanoclusters. All results are presented in Table
17.



Table 17 Roughness parameters of LaCoOs-T-51

Sample R, (um) Ronax (um) R, (um)
LaCo0s-750-51 1.27 16.5 1.67
LaCo03-850-51 1.54 119 192
LaCo0;-1000-S1 251 200 313

Thin films obtamed mn higher temperatures are charactenzed by higher roughness parameters,
witch change from R.= 1.27 nm for LaCoO3-750-51 to R.== 2,51 nm for LaCoOs-1000-S1. The
mncrease of Ra parameters 1s consequence of the change in morphology and increase of gram
size Cross section of thin films was used for structure analysis in TEM, results are presented in
Figure 37 and in Figure 39. Native 510z layer (5 nm) 1s visible between substrate and LaCoO3
T-S1 thin film Gramns of LaCo0Qs-750-S1 have sharp tips (see Figure 37b), and flat ones (Figure
37a). Width of columnar grains are mn range from 20 to 35 nm. The gramns with flat ternunation
have (012)x planes exposed to gas, with a distance of 0.39 nm_FFT results are presented in
Table 18. One should remember that a distance of 0.39 nm corresponds to (100)c planes of the
archetype cubic perovskite cell. The moiré observed is due to two overlapping gramns with (012)
type planes.

20nm | 200 nm

Figure 37. TEM images of LaCo03 750-51 a) colmnar structure of the layer | and FFT of one grain b) low mag
image of the layer, showing the shape of the grams termination, and the occurrence of nanochister
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Table 18. FFT results of LaCoO3-750-51 from Figure 37.

. Plane
Number Distance (nm) (hexagonal settings)
2 038 (012)
3 038 (012)
4 1.2 Due to Moire
5 0.6 Due to Moire

10 nm

Figure 38. TEM images of LaCoO3 850-5i , along with one FFT from HREM image.

Table 19. FFT LaCo03-850-51 from Figure 384.

Number Distance (nm) Plane
1 0.38 (012)
2 0.28 (110)
3 0.19 (024)
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Agam, the termunation of the grams 1s tip like or flat, and the (012)g =(100)c planes are those
exposed to gas for grain with flat terminations.

T

Figure 39. TEM images of LaCoO; 1000C-51 a) grain termunation, b) thin films division c) high magnification d)
FFT

Table 20. FFT LaCo03-1000-51 from Figure 39d.

Number Distance (nm) Plane
1 1.2 (002) LaxS107

For LaCoO3-750-S1 and LaCoO3-850-51, a colummnar grain growth 1s observed. The layers have an
average thickness of 170 nm (see Figure 37 &Figure 38). The roughness of the LaCo0;-750-S1
thin film seems rather low on TEM images, and a higher roughness is observed for LaCoQO3-850-
S1 (see Figure 38), wiich 1s m accordance with the AFM results. In LaCo0O3-850-S1 we can observe
column with regular triangular tips and a small flat termination. The lateral grain size varies from
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75 nm to 100 nm. On the contrary, LaCoOs-1000-51 exhibits a completely difference morphology
on cross-section observation (see Figure 39). The layer consists of two distinct phases. One
identified as LaxSiO7 by high resolution electron microscopy with distance dp;;=12 A (see Table
20), near the substrate (see Figure 39c), and second layer of LaCoOs on top. The presence of a
La;S107 layer, with thickness of 75-85 nm, indicates that at 1000°C, Si can diffuse through the
native S102 barrier and bwilt a lanthanum silicate. Silicates were already observed m thin films
deposited by PLD with deposition temperature of 1100°C [113]. LaxS107 phase was not observed
m XRD results because of not sufficient penetration depth (78 nm).

41.2 LaCoO; thin films on C-YSZ (100) substrate

The X-rays diffraction patterns of LaCoOj; thin films deposited on YSZ 9.5, are shown m Figure
40. The three diffractions patterns correspond to the expected rhombohedral phase (cif file
1530874), but in sample LaCoO3-1000-YSZ95 we observe additional peak corresponding to
La»Os phase.

In range 2theta = 20-40° the most mntense peaks of LaCoOs3-1000-YSZ95 phase 1s (110).
Analysis of peak intensity allow to conclude that temperature has influence on crystallographic
onentation of deposited layers. Presence of additional phase of L.a;Os 1s indication that process
temperature was too high. According to LaCoQO; phase diagram Kleveland ef al [114]. when
ratio Nco/Neo + Nia 15 equal to 0,5 only LaCoOs 1s present, but i case of cobalt deficiency, for
ratio range from 0 to 0.5, up to 1500 K, a second phase (La203) 1s present This phase 1s mostly
present in materials produced in temperature higher than 973 K. The results of XRD pattern
refinements are presented in Table 21. Thin films deposited on S1 and on C-YSZ at a given
temperature have nearly the same cell volume. One observes the same call parameters for
T=850°C and 1000°C. But for one given temperature, crystallite size was significantly smaller
on C-YSZ substrate than one Si1 one.
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Figure 40. X-Ray Diffraction patterns of a) LaCoO3-750-YS5Z95, b) LaCo03-850-Y5Z295, c) LaCo03-1000-

Y5795 Indexation in the hexagonal settings.

Table 21. MAUD refinement results for LaCoO3-YSZ95

Sample name a@d) a(® Vol (A Rexp/ Rup Crystal
size (nm)
LaCoO:750-YSZ95 54208 606537 1143 534/7.14 25
aCo0:850-YSZ95 53918 6071 112613 8.04/ 10.56 36
LaCo0,-1000-YSZ95 _ 53912 607272 112616 6.47/8.16 x
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Due to high deposition temperature of 1000°C, undesirable La>Os phase was created (see Figure
40c). This phase represents 12 % weight of the layer.

Surface analysis was conducted by SEM with mag. from 10 kx to 50 kx, chosen results are
presented in Figure 41.

LaCoOs surface on YSZ95 at 750 °C looks like the layers obtained on Si at the same
temperature, they have a large number of nanoclusters on the surface, but the cracks are not
visible. Surface morphology LaCoQs-750-YSZ95 1s simular to those of LaCo0s-750-S1, the
gramns have a —non facetted shape. As the deposition temperature increases to 850 °C, there 1s
a slight change in the shape of the grains, but clearly the morphology of grams of LaCo03-850-
Y8795 15 different from the one of In LaCo0:;-850-51. This 15 due to the low thermal
conductivity of YSZ, leading to lower temperature than the nominal during the deposition
process. The cracks are not visible, the grain size 1s not affected by process temperature and we
don’t observe grams expansion (see Figure 41b-d). The number of nanoclusters decreased. In
thin films deposited at 750 °C nanoclusters were small but densely spaced. In LaCo0;-850-
YSZ95 nanoclusters are less densely space but they are bigger. The surface of the LaCoOs-
1000-YSZ95 thun film presents a completely different morphology from previous samples.
Small single nanoclusters are visible, the grains have the shape of long wrapped worms. The
layer appears melted. Based on the obtained nucrographs, it can be assumed that the process
temperature of 1000°C was too high. We can conclude that thin films LaCoOs-1000-YSZ95
have the structure inadequate to be used as SE in gas sensor. Because in samples LaCo0;3-750-
YSZ95 and LaCo03-850-YSZ95 we don’t observed cracks, they are considered as promising
thin films for further gas measurements.
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Figure 41. SEM micrographs of LaCoO3-Y5795 ab) LaCoO3-750-YSZ95 c.d) LaCoO3-850-Y5Z95 ef)
LaCo03-1000-Y5295.

The topography of thin films was analyzed using AFM techmque. AFM analysis was carried
outmnarea: 1 pm x 1 pm, 500 nm x 500 nm, 200 nm x 200 nm and 100 nm x 100 nm. Selected

results are presented in Figure 42 a-c.
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Figure 42 Surface morphology of a) LaCo03-750-Y5Z95 b) LaCo03-850-YSZ95 ¢) LaCo03-1000- YSZ95.

Sample LaCo0O3-850-YSZ95 presenting highly developed surface with nanocluster (see Figure
42b). Increase of process temperature leads to increase of grain size and decrease of roughness
(see Figure 42c). Base on this result we calculate the roughness parameters Rpax, Ry and R,
The analysis was made in the region free from the nanoclusters. All results are presented in
Table 22.

Table 22. AFM results of LaCoOs-YS£95

Sample Ra(nm) Rmax (nm) Rgq(nm)
LaCo03-750-YSZ95 2.69 21 337
LaCo03-850-YSZ95 2.65 20.5 335
LaCo03-1000-YSZ95 242 19.0 3.08

Thin films deposited in 1000° C are characterized by lower roughness parameters. The decrease
of Ra parameters 1s a consequence of the change in morphology. Grains mn sample LaCoO;s-
1000-YSZ95 are lower and flat which leads to low Ra and Rumax parameter than m LaCo03-850-
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YSZ95. Rmax 15 simular to all samples 1t can be explained by simular absolute height of grains
regardless deposition temperature.

Cross section of thin films was used for structure analysis in TEM, LaCoQOs-T-YSZ95 results
are presented i Figure 43—Figure 45.

As we can observe (see Figure 43), thin films LaCoOs-750-YSZ95 are very thin, around 65-70
nm structure and bwlt with prains larger than high.

Figure 43. TEM Cross-section of LaCoOs-750-Y5Z95 a) low magnification b) details of the LaCoOs grains
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50 nm

Figure 44. TEM Cross-section of LaCo03-850-Y'5Z95 a) low magnification image of the thin film b) evidence of
columnar structure c) HREM image near the substrate along with FFT d) STEM-HAADF image of the top of one
grain, along with FFT
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Table 23. FFT results of LaCoO;-850-Y 5705

Number Distance (nm) Plane Figure
1 0.22 (202)
2 0.28 (2-10) Figure 44f
3 0.38 (012)
4 0.23 (202)
5 0.38 (012) Figure 44g
6 0.2