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Introduction

Introduction

Human beings need a regular supply of food and maatd essentially continuous
supply of air. The requirements for air and water @latively constant (10-20%mand 1-2
litres per day, respectively). That all people sdtiobave free access to air and water of
acceptable quality should be a fundamental hungirt.riThe atmosphere we live in contains
numerous chemicals, natural and artificial, somevloich are vital to life while many others
are more or less harmfuRecognizing our need for clean air, in 1987 the WR&pional
Office [1] for Europe publishedir quality guidelines for Europe (lfontaining health risk
assessments for 28 chemical air contaminants.

Various chemicals are emitted into the air from hbatatural and man-made
(anthropogenic) sources. The quantities may ramge fhundreds to millions of tonnes
annually. Natural air pollution stems from varidaistic and abiotic sources such as plants,
radiological decomposition, forest fires, volcaneesl other sources such as geothermal, as
well as emissions from land and water. These resudt natural background concentration
that varies according to local sources or speaMeather conditions. Anthropogenic air
pollution has existed since people learned to use &t least. However, it has increased
rapidly since the beginning of industrializatiorheTaugmentation of air pollution resulting
from the ever expanding use of fossil fuels, growtthe manufacture sector and widespread
use of chemicals has been accompanied by mountibjcpawareness of its detrimental
effects on health and the environment. Moreovesichaesearch on the nature, quantity,
physicochemical behaviour and effects of air paltis has greatly increased our knowledge
in recent years. Nevertheless, there is a greatndei® that needs to be understood. Several
aspects concerning air pollutants effects on pubdalth require further assessment; these
include newer scientific areas such as reprodudivdevelopmental toxicity. The proposed
guidelines will undoubtedly be changed as futuoelists lead to new information.

The task of reducing levels of exposure to airygalits is complex . It begins with an
analysis to determine which chemicals are preserthé air, where, at what levels, and
whether the likely levels of exposure are hazardousumans and the environment. Then, it
must be decided whether an unacceptable risk isepte When a hazard is identified,
mitigation strategies should be developed and implged so as to prevent excessive risk to
public health in the most efficient and cost-effieztvay.

Analyses of air pollution problems are exceedirgglynplicated but are an important

issue for the 21st century.
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There is a great variety of techniques to moniteratmosphere pollutants: absorption
spectrometry either in infrared or ultraviolet rangr chemical methods (flame spectroscopy,
chemiluminescence and gas chromatography). Talleillustrates the variety of target
compounds as well as the large number of analytiedhods used for their measurement. All
these techniques, often very precise, require pkagn Besides the problems of homogeneity
and accurate representation of samples, thereoage dften costly techniques of analysis to
be implemented, and which can be difficult or everpossible to use for continuous
applications. One example that comes to mind saasof detector of ambient pollution or for

industrial site.

Gas | Concentration (ppm) range Common analysis method
Air Rejections

SO, 10°-10 10 - 2000 | Flame spectroscopy
UV Fluorescence

IR Absorption

UV Absorption
potentiostatic electrolysis

NOx 10%- 10 1-2000 Chemical Luminescence

IR Absorption

potentiostatic electrolysis
Table 1-1 Main CO, | 300-1000| 16-2*10° |IR Absorption
pollutant gas , lon selective electrode (ISE)
Concentration range Thermal conductivity
And common analysis O; 10%-1 _ Chemical Luminescence
method[ 2 ] UV Absorption

NH; _ 100 - 10 |iso-phénolique method

(local) ISE (NHy)
Gas Chromatography

H,S 1-1000 [ISE (S)
(local) methylene Blue Dosage

Therefore new gas sensors, able of discriminabiogalso to measure these different
pollutants in real-time are required.

Several gas sensors have been developed so fae, Soich as electrolyte solution
based electrochemical or catalytic combustion ssnsweere developed a long time ago for
professionals. There are many different sensorsdhas general, on a simple law of physics.

Figure 1-1 summarizes a selection of gas sensonsomly used at present.
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Figure 1-1 : An illustrated selection of gas sensdypes

The era of sensors started in the 1970s duringhwégeniconductor combustible gas,
solid electrolyte oxygen and humidity sensors veemamercialized for non-professional uses.

Metal oxides sensors (MOX sensors) in general ar@,3n particular, have attracted
the attention of many users and scientists intedeist gas sensing in changeable atmospheric
conditions. This interest has been generated dtleetolow cost fabrication, simplicity of use
and finally the large number of detectable gasessipte.

With the advent of pollution and performance consen the automotive industries,
intelligent homes & appliances market (Figure 128yl in general any industry working with
gas these devices have come into demand.

Fan heater with air clsaner
Al condtianer with ar sleaner

Humidity sensor, GOz sensor,
fur guabty sensor, odor Sensor

Automates tan vertistior

COp sensor, odor sensor

P B .
Drior for clothas
Heater and driar in Bathroom
Lish washer—driars
Humidity sensor
Caprhination avan
Hz sensor, huemidity sensor
"-—\_._\_“—~_._,_'—'-"

Figure 1-2 : application of sensor in the home autoation (domotics) field
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The principle of how the Snfbased-sensor works is quite simple and baseden th
change of electrical resistance when exposed ter@ic gas or gasses. Sn® the best
understood oxide-based gas sensors. Neverthelemg &re highly specific and sensitive
SnG sensors not yet available or feasible. In real wagykconditions, Sn® sensors are
confronted with the problem of high cross-sendyivor other gasses, which strongly limits
their application.

In order to be used in practice, a gas sensor ghotfii many requirements which
depend on the purposes, locations and conditionthef operation. Among the sensor’s
prerequisites, first would be their effectivenessnsitivity, selectivity and response time.
Second level criterions would be: reliability: dr$tability.

Efficiency [3] and reliability are interconnectedthiveach element [4-5] of the sensor -
sensitive layers, substrates, heaters and elestrodlkese function together in device so the
sensor should be studied as a whole. The verificand optimization of each parameter have
key roles to play in the research and developmiga® sensors

The Laboratory M.I.C.C. (Microsystemes Intrusmepotatet Capteurs Chimiques)
managed by C. Pijolat located in St Etienne isregied in the development of gas sensor for
industrial applications. Few years ago, they careid the fact that the electrodes which
collect the output signal can have an influencehenoverall performance of gas sensors. In
fact, changing the nature of the electrode metalgraatly modify the results. They tried to
explain this behaviour inside a physical-chemicaldei [6] (cf., chapter 1) which takes into
account the role of the electrodes. The model sggeeshe main role of the three boundary
points (interface of gas-electrode-Sensitive layer)

At the same time, at the University of Tubingen@ermany, the IPC (Institute for
physical chemistry) group of Udo Weimar also triedunderstand more about the electrodes
influence. They developed new techniques to obsaendeunderstand gas sensors under actual
working conditions: DRIFT (Diffuse Reflectance lafed Fourier Transform), Kelvin probe,
impedance spectroscopy [7].

Focus of the work

The focus of this work is primarily devoted to diathe role of the electrode material
on the properties of detection for gas sensor. Szameer hypothesis have been suggested and
summarized in the model of MICC but there is a latkxperimental proof. The objective of
this is complete their promising work and hopefuthprove our understanding of this crucial

parameter by collaborating with both MICC in Framace IPC in Germany.
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This collaboration between the research centresstaitace under the auspices of
GOSPEL "General Olfaction and Sensing Projects Barapean Level". This organization is
a Network of Excellence funded by the European Camity under the Sixth Framework
Programme (IST-2002-507610) from 2002 to 2006sIcaordinated by the University of
Tldbingen and integrates the expertise of 25 reBegroups across Europe (the GOSPEL
'Members'). It also works with over 100 Associateribers from industry and academia
worldwide.

The chosen approach is the combination of phydi@rical phenomena and
spectroscopic techniques. For simplicity saketéinget gas for detection is carbon monoxide
CO.

This report is structured as following:

Chapter 1 is dedicated to the bibliography on Sni@ased sensor, theoretical understanding
of the tin dioxide gas sensor, as well a briefestit the art on the work of other authors
concerned with the electrode’s influence is sumpeai

Chapter 2 of this thesis deals with the preparation of theser, its electrical performance,

and different powders used

Chapter 3 is related to the investigation of carbon monoxid&eraction with tin oxide
sensors, with metal, in air by means simultaneol®FD and DC resistance studies.
Thermodesorption experiments complete the spedpysdnvestigations on the oxygen
chemisorption and the influence of the metal.

Chapter 4 reviews the principal outcomes of the thesis, $ooy on the link between the

results and on their originality. In addition, somajor perspectives are proposed.



Content

1 Theoretical Basis and SUINVEY ...........uuiiiiiieeeiiieeeeeecee e 12
1.1 Introduction bibliographi€s ...........ooieeeeeeecc e 13
1.2 Material Properties of Tin DIOXIAE ........cceueiviiiiiiiiiiiiiiiiie e eeeeeeeeeeeeeeeeeeee 13

1.2.1 Crystalline structure of SBO.........ccooviiiiiiiii e 14
1.2.2 [ =To (o] ool o] f0] o1=T 1 1= PSP 15
1.3  Sensor resistance /conductivity of tin oxidedabgas SENSOrS .............cevvvvveierennn. 17
1.3.1 Receptor and transducer fuUNCLIONS .....cccccciiiiiiiiiiiiiiie s 18
1.3.2 BUIK PIrOPEITIES ...t e e e e e ettt s e e e e e e e e e e e e aeaeaeeaaes 19
1.4 GaAS INTEIACHONS . .ceiiiieeeieiie e e e e ettt e e e e e e e e e e e e e s e e st be e e e ee e e e e e e e s e e nnnnas 22
141 Physisorption and Chemisorption ..o 22
1.4.2 Space Charge EffeCtS ......cooooi oo eaeeee e 25
1.4.3 From Charge Transfer to Sensor Signal...........ccooooeviiiiiiiiiiiiiiiicinen. 28.
1.4.4 Adsorption of OXYJEN (O2) .....uuuuuu e eeeeeeeeeiiisra s e e e e e e e e e eeeeeeeeeenens 30
1.4.5 LA (. © ) PO 31
1.4.6 (OF=Tg o T gl g aTe] gTe) (T (= (@@ ) I 33
1.5  Conduction model in the sensitive layer .ccccccc...coooviviiiieeicec e, 37
151 Compact and POrOUS TQYEIS .......uuuuummmmmmmm et e e 38
1.5.2 Effect of the eleCtrodes...........uv e 40
1.5.2.1 Effect of the metal inside the sensitiyefdan semiconductor................... 41
1.5.2.2 Effect of the nature of the electrode.............oooiiiiiiiiiiiiiiii e 43
1.5.2.3 Effect of the geometry of the electrodes...........ccccccvvriciiiiinnnnnn . 46.
1.5.2.3.1  POSIION...ciiiiiii it e e e e e e e e e e e 46
1.5.2.3.2 The width between the electrodes .......cc.ccooveviiiiiiiiiiiiiiii, 46
153 Model Of CONAUCTION .....uviiiiiiiiiiii sttt 48
2 Material, sensors preparation and electrical measents ..................... 53
21 Material and SENSOrs Preparation....... oo oo eeiieeeeeeiiiiiie e 54
211 Powder and ink preparation..............cceeeiieeeeeeeeeieeeeeeeei e 54
2.1.1. 1 PUre SNEPDOWAET ...ttt s s e e e e e e e e e e eeeeaeeenann s 54
2.1.1.2  "Mixed SNQ Preparation.......ccccuuieeeeeeeeieeeeeeees e e e eeeeeeeannssnnnnn e aens 56
21.2 Sensors fabriCatioN .........oooiviiiit e 57
2.1.2.1 Deposition on the substrate. ........cceceeeeiiiiiiiie e 57



2.1.2.2 Geometry designs for substrates, heaterglantrodes for DC

measurement and DRIFT @nalySIS .............coccmmeeeeeveiiiiiiiies e e e eeeeee e eeeeveeeenes 59
2.1.2.3 Specification for the TPD samples.....cccouuiiiiiiiiiiiiiiiiiieeeieeeeiiiiis 59
2.1.2.4 Sn@sensitive layer characterization on SENSOIS...........cccevvvvvvvvvnnnnennn 60
2.1.2.5 Calibration of the heating of the Sensor.............ccooiiiiiiiiiiicil 61
2.2 Electrical MeasSUreMENTS......ccoii e 62
221 Test BENCh PreSentation ........... . e eee e e ee e e e 62
2.2.2 RESUItS aNd AISCUSSION........uuui s oottt 63
2.2.2.1 Metal Nature inflUENCe. ... 63
A N R | 0 o [ V= | T 63
2.2.2.1.2 Humidity effeCt ......ueeiieiee e 66
2.2.2.1.3 Comparison between S (Au) Ptand S @Rt).P......coovvvviiiiiiiiiiiiinnnn. 71
2.3 (©0] o Tod 1§17 [0] o H PP 72
3 Investigation of the surface reactions by DRIFTlgsia and TPD ........ 73
3.1 INEFOAUCTION ...t e e e e e e e e e e e e e e e e e e e eeeeeas 74
3.2 DRIFT ettt e e e 76
3.2.1 Theory of Diffuse RefleCtance [] ....... e« e 76
3.2.1.1  ThEIAEAI CASE ...eiiiiiiiiiieiee e 76
3.2.1.2  TRE IEAI CASE...ceeiiieieiiee e e 77
3.2.1.3  The continuUumM thEOIY ........covviiiiiemmmmme e 78
3.2.1.4 The discontinUUM thEOIY ............. e e e e e e e e e eeeeeeeiieeeie e 80
3.2.1.5 Free carriers’ absorption - theory andiappbn in sensing ...........ccc........ 81
3.2.2 DRIFT on sensor- set up and measurementq@iofo.............ccoevvvvvvvevnnnnnnnn. 83
3.2.2.1 Setup of the DRIFT and electrical measurgrfieubinguen) .................... 84
3.2.2.2 DRIFT on powders (St EtIENNE).......cooiiiiiiiiiiiiiiiiaeee e 87
3.2.3 Band ANAIYSIS ....oeeeeiiiiiiiiiee e eeeeee e s 88
3.24 Specific bibliographies on adsorbed spec@afCO gas. .........ccoevvvviiiieennnns 88
3.2.4.1 Description of the CO reaction pathways............cccoovvvvirvviiiiiiiiiiiieeeennn 88
3.2.4.2 Formation of the main intermediates ...........ccceeeeeiiiiiiiiiiiiiiiicenn 91
3.25 RESULT S ..ttt ettt e e e e e e e e e s ee b e e e e e e 96
3.2.5.1 Remind of DC measurement with CO on So&3ed sensors with different
electrodes (Au and Pt). Position of the problem............ccccoooiviiiiiiiiieiiiies 96
3.2.5.2 CO sensing-Impact on the sample’ surface.........ccccceeeeeieviiiiiiiiieeeennnnn. 98
3.2.5.2.1 Conventional Sn®ased sensors.. cerereee s eeeeeeees 98
3.2.5.2.2 Summary of results with Conventlonal BEFNS. .. 111
3.2.5.2.3  POWAEIS .. .ottt ettt ettt e e e e e e e e e e e e e 112
3.2.5.2.4  SUMMAry Of POWAEK .......ccooiiiiit oottt 114
3.2.5.2.5 MiXEUA SENSO....cciiiiiiiiiiiii i emmmmmm ittt nnnees 115
3.2.5.2.6 Summary of the mixed powder on alumirzssate........................... 118
3.2.6 DRIFT SUMMAIY ..euiiiiiiiici et emeen et e e e e na s 120

10



3.3 Thermodesorption (TPD) .......ccoiiiiiiiieeeeeee e e e e e e e e e e eeeea e

3.3.1 GENEIAIIIES. ...t 122
3.3.1.1  The DeSOrption PrOCESS.............commmmmn e eeeeeeeeseeeeeensanninnnnneeeaaeanaeees 122
3.3.1.2  Desorption KINELICS........cccuiiiiitaeeeeeiiiiiiiaaae e e e e e e e e eeeeeeeeeeeeeenennnnnaneee 123
3.3.1.3 Case of Molecular adsorption ........ccccccceeiiiiieei e 125
3.3.1.4 Experimental method to calculate Eaw@and...............cccccoeeiiiiiiinnnnennnnn. 126

3.3.2 Experimental set Up Of TPD ............mmmmmesenanieeeeeeeeeeeeeeeeeesssnnnnnn e 127

3.3.3 ReSUItS and AISCUSSION........uuii i ettt ne e e e 130
ICTRCTRC 70 Yo [<To T o] i o] g o )4 Y/ o [ o 1 130

3.3.3.1. 1 ONPUIE SO . it r e e 130
3.3.3.1.2 Adsorption of oxygen on Sa®ith metal addition ........................... 139
3.3.3.1.3 Summary of oxygen adsorption reSUltS................ooovvviiiiiiiiinnnnnnn. 142
3.3.3.2 Variation of oxygen desorption with coagsion of reducing gas. ......... 143
3.3.3.2.1  WIth pUIre SrD...... et 143
3.3.3.2.2 With the presence of the metal....cccoeeeeeeoevveiiiiiccciciieeeeee 461
3.3.3.3 Summary of the interaction with a redu@@g.............ccccceeeeeiieeireeennnnnn. 147
3.3.3.4  DisScCUSSION ON TPD ....ccooiiiiiiiii sttt e e e e 148
3.34 TPD CONCIUSION ... 149
4 CONCIUSION .t e e e e e e e e e et e e e e e b baeebann 150

11



CHAPTER

1 Theoretical Basis and survey

De part son utilisation dans un grand nombre de diows, le dioxyde d’étain fait
I'objet de nombreuses publications. Ce chapitredestié a I'état de I'art sur SnCen
tant que matériau pour capteur de gaz. L'étudeibgsaphique du dioxyde d’étain se
divise en quatre parties. Nous évoquerons dansremmigr temps les caractéristiques du
matériau Sn@ et dans une seconde partie, comment il peut étrgéucomme capteur de
gaz. Le troisieme point concernera l'interaction 88Q avec les principaux gaz. La
modélisation de la conduction dans les couchesnd® &ra quant a elle traitée dans la
derniere partie. L’accent sera mis sur le réle éésctrodes, objet de cette étude.

12



Basic and survey

1.1 Introduction bibliographies

Conductometric chemical gas sensors based on sedoictor metal oxides are actually
the most investigated. Although semiconductor gasars have been so far developed mostly
by empirical research , further development anawation seem to be impossible without a
fundamental understanding of the gas-sensing meshaand sensor design principles
involved. This first chapter tries to sum up thetipalarity of the Sn@ as material for gas
sensor. Moreover, due to the fact that a large phathis study consists in spectroscopic
investigations it is important to introduce theenaction of the gas and Sn@s you will see
in this chapter many parameters affect the perfoomaof the semiconductor which is
complex and difficult to completely take all thetiars into consideration. Each parameter has
been almost totally investigated beginning with History of metal oxide gas sensors with
Tagushi in 1962 [8]. Despite these aforementionecherous studies, the actual detection
mechanisms of tin oxide sensors and especiallyrofe of the electrodes are not fully
understood. The motivation of our work is to expldhe influence of the electrodes in the
system of Sn@based gas sensors. A survey of pertinent pulicaton the influence of the
metal is included. Special attention has been fmattle previous thesis of P Montmeat [6]. A
model taking into account the role of the metaldgalectrodes) which enhances the creation
of a space charge area at the three boundary ggedsmetal—oxide” was proposed and that
is the starting point of our work.

1.2 Material Properties of Tin Dioxide

SnG has various specific and unique properties, whitdkes this material very
useful for many applications. Polycrystalline tHims and ceramics of SnChave been
extensively used in the production of resistorsndiwting SnQ@ films are well known as
transparent electrode. When deposited on glasskitawn as Nesa glass [@]. SnQ films
are also used as transparent heating elementhef@roduction of transistors, for transparent
antistatic coatings and other parts in electridq@gent where transparency is required.
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1.2.1 Crystalline structure of SnO ,

T T T T

Tin oxide, SnO2

Stock number: 5010FY

JCPDS card number: 21-1250
Radiation: Cu Ka

Crystallographic system: tetragonal
Space group: P4, /mnm (136)

Intensity (a. u.)

e o

20 40 60 80

2 O (deg)

Figure 1-1 : SnQ X ray diffraction pattern diagram

SnG is an anisotropic polar crystal, which crystabise tetragonal rutile structure with space
group Dy [P42:mn][10] [2]. The unit cell contains 6 atoms, 2 tins and 4 orydg&ch tin atom

is at the centre of six oxygen atoms placed apprately at the corners of a regular slightly
deformed octahedron, and three tin atoms approgisnatt the corners of an equilateral

triangle surround every oxygen atom (see Figurg 1-2

0.319 nm

0.474 nm

Figure 1-2 : Unit cell of SnQ with four O ,- anions and two SA" cations. The crystalline structure of SnQ@
is rutile: Each tin atom is at the centre of six oygen atoms placed approximately at the corners of a
regular slightly deformed octahedron and three tinatoms approximately at the corners of an equilateria
triangle surround every oxygenatom.
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Thus, crystalline structure of tin dioxide is 6:@ocdination. The lattice parameters are a = b
=4.737A and ¢ = 3.185A. Thé ratio is 0.673. The ionic radii forOand SA* are 1.40 and
a

0.71A, respectively. The metal atoms (cations)@cated at positions (0,0,0) and (¥2,%,%2) in
the unit cell, and the oxygen atoms (anions) au#,Q) and + (Y24,%2-u,%2), where the
internal parametey, takes the value 0.307. Each cation has two arab@sdistance ofua
(2.053A) and four anions. Each cation has two anatra distance of 2-a(2.053A and four
anions at [2(Y2-d)(c/2a)2]v2a2.597A.

1.2.2 Electronic properties

SnG is a n-type, wide-band gap semiconductor. Theiroid the n-type behaviour is

the native non-stoichiometry caused by oxygen wv@esnThe conduction band has its

minimum at thd” point in the Brillouin zone and is a 90% tin sdliktate. The valence band
consists of a set of three band$, @ and 5). The valence band maximum id'g state. In
this way, Sn@ has a direct band gap, with enerfgglir(l's," -T'.c’) = 3.596eVfor EL and
3.99eVfor Ej,measured at 4K. Figure 1-3 shows the band diag@mSnQ and the
projection of the density of states (DOS) for thstdtes of Sn and O. According to results of
Barbarat et al. a large contribution of Sn(s)-stasefound at the bottom of the valence band
between —7 and -5eV [11From -5eV to the top of the valence band, the [Hrstates
contribution is decreasing, as the Sn(d)-stateoecepying the top of the valence band. A
large and extended contribution of the O (p)-stage®ound in the valence band. Clearly,
bonding between Sn and O is dominated by the psstait the latter. Each anion in the unit
cell is found to be bonded to the cations in a gidrigonal configuration in such a way that
the oxygen p orbitals contained in the four-atorangl i.e.,px and py orbitals, define the
bonding plane. Consequently, the oxygeorbitals perpendicular to the bonding plane, pg.,
orbitals, have a non-bonding character and arectageo form the upper valence levels [10]
[4]. The conduction band shows a predominant contohutif Sn(s) states up to 9eV. For
energies larger than 9eV an equal contributionreféd O-states is found in the conduction
band. More information, mainly about the valenc&xdyacan be found if12,13,14] and

references therein.
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Figure 1-3 Band diagram of SnG, (left) and projection of the density of states (DQ) for the 1s states of Sng) Sn
and O (right) [15]

When discussing the atomistic and electronic behmvof a surface there are two
dominant models in literature: the atomistic mof8], [17] or surface molecule model,
generally preferred by chemists, and the band m¢ti), [19], generally preferred by
physicists. The atomistic model is more appropriatechemical processes at a solid surface.
It describes the solid surface in terms of surfgtes or atoms, ignoring the band structure of
the solid. The band model is preferable for electexchanges between (semiconductors)
solids and surface groups that include a condwgtshange for the solid. It describes the
surface in terms of surface states, i.e. localiskttronic energy levels available at the
surface, ignoring the microscopic details of atdoma interaction between surface species
and its neighbouring atoms.

Both models have their merits, but to understaedstirface reactions of semiconductors with
gases both chemical and physical perspectivestbawe considered [20].

From a chemical standpoint, a surface can be dividi® surface sites of varying reactivity.
Usually, more reactive sites can be associated laterogeneous surface regions or surface
imperfections. Examples of reactive sites are serf@oms with unoccupied or unsaturated
orbitals (“dangling bonds”), surface atoms with atwsated coordination sphere,
crystallographic steps, intersections, interstiiieflects or superstructures.

From a physical point of view the interruption betcrystal periodicity at the surface results
in localised energy levels. These can function @ptor or donor states, exchanging or
sharing electrons with the non-localised energydban the bulk of the solid. Those energy

levels in the band gap have an effect on the eleictrproperties of the solid, especially for
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semiconductors. Surface states can result from ichead- stoichiometry or bulk defects

(intrinsic) or arise from (intentional) impuritieas for doping (extrinsic).

rows of bridging oxygens

Figure 1-4 Ideal and reduced (compact) Sn@(110) surfaces; the schema on the right is obtaidésy removing the
bridging oxygen layers

1.3 Sensor resistance /conductivity of tin oxide Isad gas sensors

The final objective of the R&D activities is the siign and fabrication of quality gas
sensors id est. suited for solving a certain appba. It is important to keep in mind that the
quality of a sensor is almost impossible to bersfiwithout understanding the application
needs, which besides the target gas/gases, possims-interferences and environmental
conditions also relate to the cost/price restriidiof the instrument using the sensors.

A significant factor is—suitability — that is in@gingly considered in addition to the 3
standard means of judging sensors (Sensitivityeciglty, Stability).
In order to understand the challenges in this field should have a look at the way in which
the sensor signal is generated.
A sensor element (Figure 1-5) normally is comprigkthe following parts:
* Sensitive layedeposited over the
* Substrateprovided with
» Electrodesfor the measurement of the electrical charactesstiThe device is
generally heated by its own
» Heater, this one is separated from tisensitive layerand theelectrodesby an
electrical insulating layer.
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Such a device is normally operated in air, with pinesence of humidity and residual gases
(e.g. carbon dioxide).

In Figure 1-5 a typical gas sensor is presentede W@t the SnO2 layer is printed on top of
the interdigitated electrodes. The heater on thek deeeps the sensor at the operation

temperature

Top View X I [35mm  Cross Section

Interdigitated Electrodes

. 5.4 mm . #0 pm
Bottom View | 514.2 pren Fum

' ¥ J 0.7 mm

Platinurn Heater
TS pm
o PtElectrodes | M.doxide
Side View = aey
‘ ¥

Alumina

Pt Heater Substrate

Figure 1-5 : Layout of the planar alumina substratewith Pt electrodes and Pt heater.

1.3.1 Receptor and transducer functions

An oxide semiconductor gas sensor detects a gastfre change in electric resistance of
a polycrystalline element. It is commonly agreeat tihe resistance change from the exposure
to a gas arises through a surface phenomenon setheconductor used [21] [22]. Generally,
a chemical sensor has two functions:

- Receptor which recognizes or identifies a chehsahstance

- Transducer which converts the chemical signal &t output signal.
Therefore, for the basic understanding of the sendactor gas sensor, one needs to
differentiate these two functions. Figure 1-6 sheelsematically how a semiconductor sensor

generates sensing signals upon contact with a gas.

Receptor Transducer Output
function function {resistance]
surface } (D, ¥, L}
modifiers
Ha Ha20
\\‘ /"r
o e- o~

&
surface microstructure Sensor alemen

Figure 1-6: Receptor and transducer functions of smiconductor gas sensor23].
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Apparently, the receptor function is provided witle surface of each semiconductor particle.
The obtained chemical signal is then convertedutinothe microstructure of coagulating

particles into the resistance of polycrystallinenaént.

1.3.2 Bulk properties

The conductivity sy, of a semiconductor crystal can be described asstie of
electronic e ando,) and ionic conductivityion) if the conduction processes are considered
independent. SnOgas sensors are typically operated at temperabhetgeen 200°C and
400°C. In this range the ionic contribution canneglected and the conductivity of Sn€an

be calculated according to:

O =0, +0,+ Y. 0

ion,i=

=0,+0, Eq1-1
The resistance of homogeneous bulk material witk banductivity o, mobility pu, length |

and cross section A=b (width) x d (high) can bewiaited according to

[ [ :
R, = = with 6, =0,+0,=n-fl,-e+p-fl, -€
c,-b-d o,-4 '

b =

Eq1-2
where the charge carrier concentrationgelectron) and p(holes) for an intrinsic

semiconductor can be calculated according to:

n=

[ D(E)f(E)IE : p= | D(E)1- f(E))E

X

e— s

Eq 1-3
With the Fermi-Dirac distribution f(E) and the dépof states D(E), E the energy level of

the conduction andEenergy level of the valence band:

Eq 1-4
For Ec — E=> 4 KT, the charge carrier concentrations n andrple approximated by
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v ."E_—EC‘- N _f)."Z?m;{T
M= Ne X\ ") Ve =T
(E, —E, (27 m kT
—— | N, =2|———
P i ) Tl J

Eq 1-5
Where Nt and N, are the effective density of states in the coridacand valence bands,

respectively.

When the semiconductor is undopedsp=n; and E = E which leads to the following

eqguations fon andp:

n=n exp((E - Ed%.l.) Eq 1-6
p=n exp((Ed - EF%T)

Intrinsic carrier concentration n;, Intrinsic Fermi energy level and the np product

If the semiconductor is not doped, then the comaéinh of electrons in the conduction band
n is equal to the concentration of holes in the vadebandp, hencen=p=n; wheren; is
defined as the intrinsic carrier concentration.rngsihe equations above, it is easy to show
that the product np is:

np = nt = NaN,e BTl = py N o e Eq 17

Where Ba=Ec-Ev. Thus we have an equation for the intrinsic cacancentration:
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e 2T

."3!- = V{NC'NVE Eq 1-8
Besides the producip, we can equate andp to obtain the intrinsic Fermi energy level:

n=p

NCE(EP_EE}J'IH — NVE [Ep—FEp )ikl Eq 10

5 M+Em[&J

- 2 ANy Eq 1-10

The n-type behaviour of Sn(s associated with oxygen deficiency in the bud&d Figure
1-7).

Conduction
Band

=] e 2]
S [ s s Eca

EUE | s o |, o [ s s o

b e ] . 8 B P e = EF

Valence
Band

>
X

Figure 1-7 : Schematic band diagram of the Sngbulk. Two vacancy donor levels ED1 and ED2 are
located 0.03 and 0.15eV below the conduction banHC = 0eV). The band gap (EQ) is 3.6eV.

The donors are singly and doubly ionised oxygenamaies with donor levels ED1 and
ED2 located around 0.03 and 0.15eV below the camudand edge[24],[25]. In the case
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of SnQ the extrinsic donors are multi-step donors. Theeefdonor and acceptor energy
levels, concentrations, and the operation temperatietermine the bulk conductivity of
SnG. Experiments performed on various Sn€amples to determine the charge carrier
density have resulted in values in the range 00%2-tb 6.8-18°cm® for operation at 300K.
Hall measurement results indicate that the shallimwor levels (0.03eV) are completely
ionised above 100K, the deep donor levels (0.15@¥)almost completely ionised around
400K. Hence, in the typical temperature range @&rssr operation (200 - 400°C, i.e. 473 -

673K) the donors can be considered completely éahis

1.4 Gas interactions

The surface, by definition, is the result of breakihe lattice periodicity. Its properties
differ strongly from the bulk. The 'thickness’ dfe surface is determined by the depth of the
space charge region, which is the distance, meddtom the surface, at which the effects of

the surface induced perturbation are no longet™sl the material

1.4.1 Physisorption and Chemisorption

The fundamental phase for all surface processg®iadsorption of foreign atoms or
molecules that causes essential rearrangementsfats chemical bonds and, consequently,
the variation of the surface states density andaser potentials. When discussing the
interaction of gaseous molecules with the surfarfesolids it is of interest to differentiate

between physisorption and chemisorption[26] .

Table 1-1: Bond energies for different types of irdraction [27].

Interaction type =nergy Comment
[kJ/mol]
covalent 120 - 800 chemical reaction
ion - ion 250 only between ions
coordination, complexion 8 -200 weak chemicsriaction
ion - dipole 15 between ions and polar molecules
hydrogen bond 20 hydrogen bond A-H...B"
dipole - dipole 0.3-30 between polar molecules
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London . . _
(nduced dipole to inducedo.1 - 2 physical interaction between all
induce ipole to induced0.1 -

dipole) molecules
ipole

Physisorption takes place at a relatively largdadise r from the surface (adsorbant). A
gaseous molecule (adsorbate) approaching the suidaslightly polarised and induces an
equivalent dipole in the adsorbant. This dipolepoté bond between gas and surface results
in an interaction energyE = 0-30kJ/mol withAE ~ r® (see Table 1-1).

Physisorption is the first step in the interactiogtween a gas and the surface of a solid.
Physisorbed molecules may thereafter become chdmigaf they exchange electrons with
the surface of the semiconductor. Physisorptiooh&racterised by a high surface coverage
with gaseous molecules at low temperatures anta&dwerage at high temperatures. For the
adsorption of up to one monolayer, this coveragedefined as follows:

g=N
Nt

With the number of molecules adsorbed per surfaieNi and the total number of surface
adsorption sites \

Chemisorption introduces higher bonding energied emnsequently stronger interactions
between adsorbate and adsorbant. It results fropnobound modification of the charge
distribution of the adsorbed molecule: the bondamgrgies are of similar strength as for
chemical bonds. One can distinguish between necitiehisorption and ionosorption. Figure
1-8 details the potential energies in case of glaygion (Eny9 and chemisorption (gen) as a
function of the distance r from the surface whekeis the curve for physisorption of a
molecule; b is the curve for chemisorption of a @eale. Activation. energyjEdissociation

energy hiss desorption energyd&
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| .
-

Figure 1-8 : Lennard-Jones model of physisorptionad chemisorption:

If a gaseous molecule approaches the surfacelifivgil be physisorbed, gainingE
equal to Brys Upon further movement towards the surface theemié encounters a growing
energy barrier, tending towards an infinite enefgya finite distance r. By spending the
activation energy fEhe gaseous molecule can dissociate, thereby altpwifurther advance
to the surface. This stronger interaction with sleface (chemisorption) results in a higher
energy gainAE equal to E.,emthan during physisorption. This energy gaiBgnem depends
strongly on the individual surface sites availadhel their reactivity. The most reactive sites
will therefore be occupied with gaseous moleculesing thermodynamic equilibration.
However, the chemisorption energy not only depesrishe number of reactive sites (high
potential gain iNAEchen) but also on the ambient gas concentratign gnd temperature T
(probability of molecules overcoming the energyriearE,).

As for chemisorption, desorption also requires riin@ecule to overcome an energy barrier
Edes = Echem + Ea. Therefore chemisorption and desorption are batfivated processes
requiring an activation energy supplied either iiedly or by photoexcitation, contrary to
physisorption which is a slightly exothermic prozedhe adsorption rate of gaseous
molecules is proportional to the gas pressure auldet number of unoccupied adsorption sites

according to

dé

i Kags (L= ) Pygas Eq1-11

With the adsorption constanigk= A-exp(-Ea/KT).

The desorption rate is proportional to the numbi@rcoupied sites according to
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% =Ko Eq1-12

With the desorption constanick= B-exp(-EiisdKT).
The net adsorption rate can therefore be desctivedgh Eq 1-11and Eq 1-12 by

dé
- kads(l_ 9) pgas —k

8 Eq1-13
dt

des

With a resulting equilibrium covera@efor do/dt=0 of

P

6= % 0 =f (Dgas T) Eq 1-14
P + des
gas

ads

Equation (2.11) represents the Langmuir isothetrshows that all adsorption and desorption
processes not only depend on the nature of therlzatsoand adsorbant but also on the
availability of absorbates (partial pressure) andtlee temperature. The above observations
are correct only for adsorption and desorption ageppus monolayers on surfaces of solids.
Taking also multi-layer adsorption and desorptioacpsses into consideration results in the
Brunauer-Emmet-Teller (BET) isotherm with relataterconstant equations .

1.4.2 Space Charge Effects

If we move from discussing the bulk properties déal crystals to surfaces in realistic
environments, we have to accept a state of conssasorption and desorption in
thermodynamic equilibriums. It is of interest toabse the effect the adsorption of oxygen
has on the electrical properties of a semiconduddare to the high electronegativity of
oxygen its adsorption leads to an oxidation of ghmiconductor surface and a reduction of
the gas, i.e. a transition of electrons from thedtation band Eto surface acceptor states. A
negative charge is created at the surface. Thigtivegsurface layer has to be compensated by
a positive countercharge in the solid. If the apggon took place on the surface of a metal,
this would simply result in a planar countercham@etouble layer situation as for a capacitor.
However, unlike a metal, a semiconductor does awvéla large amount of mobile free charge
carriers available at the surface. The counterehavdl therefore be formed in the bulk

(donor ions), resulting in a space charge regioccofding to the Schottky approximation,
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this region is characterised by a total exhaustibomobile charge carriers (all moved to the
surface) and therefore called the depletion laBetween these two space charge layers (the
planar at the surface and a region in the bulk),ebectric field develops. A measure

characterizing this electrical field is the Debyenth Lp:

€,EKT
Ly = |5>— Eq 1-15
€Ny,

Equation Eq 1-15 gives a relation between the Déleygth L, (the extension of the space
charge region into the bulk) and the concentratbfree charge carriersy: assuming a
high enough temperature to allow mobility to altgrtially free charge carriersplis high

for a low density of free charge carriers in thelumee and vice-versa. Hereby, the
concentration of free charge carrierg,Nan be set as equivalent to the concentrationeef f
electrons Ny, as the concentration of other charge carriersiagligible for standard
operating temperatures (200-400°C) for 2nO

The space charge region corresponds to a bandngeidihe electronic band model of the
semiconductor. The potential energy of an electnear the surface is increased by the
electrostatic repulsion of the negative surfacedayhis negative surface charge creates a
surface barrier q¥/

These considerations lead to an adaptation of énmeicenductor band model for surface
situations as detailed in Figure 1-9. In thissthation the flat band situation for an n-type
semiconductor (Snf) in the bulk is on the left and the surface wittygen adsorption is
depicted on the right.. Note also the axis perpmndr to the surface z, the depletion region

Zo, work function®, electron affinityy and electrochemical potential
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Figure 1-9: Typical schema for an n-type semicondder (SnO,)

The chemical and electrical characteristics ofsimiconductor solid are strongly influenced
by the development of double layers at the surdaxckecan even be dominated.

From an electrical standpoint, the formation of eulule layer represents injection or
withdrawal of charge to or from the bands of thmisenductor. They represent a change in
the density of current carriers. Additionally, tbgh the relocation of the Fermi level i
relation to the vacuum energyJ, the work functiond of the solid changes.

The chemical properties of the solid surface ae® @overned in many cases by double
layers. The newly introduced surface barrier traiesl to an activation energy incredds=
gVs for an electron transfer between the semicondutdra gaseous molecule (necessary for
a chemical reaction). The availability of elecsand thereby the probability of a reaction is
decreased. Or, differently put, the formation o€ ttouble layer will, by electrostatic
repulsion, decrease the density of charge carnear the surface, which, in turn, will

decrease the rate and energy of further adsorptions
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1.4.3 From Charge Transfer to Sensor Signal

The band bending (i.e. surface energy barrier lExteons trying to travel from the bulk to the
surface) induced by interaction of the tin dioxsigid with oxygen is the initial electronic
situation a gaseous species encounters if congetgithe sensor surface. Depending on the
reactivity of the remaining surface sites as welltlee adsorption of gaseous species on the

metal oxide one of the following will result:

* Molecular (non-dissociative) adsorption, in whidhe tinteraction is mainly by-
donation and/ort-bonding interaction

» Dissociative adsorption, in which a molecule dissims homolytically or
heterolytically upon adsorption. Usually an ani@tien coordinatively unsaturated
pair site is required. Dissociation of® into H and OH is an example of heterolytic
dissociative adsorption into charged species.

» Abstractive adsorption, in which the adsorbaterabtt a species from the surface or a
previously adsorbed species from the surface. Tmdr is often a proton and
commonly occurs on acidic oxides. The latter cdaddreviously adsorbed oxygen.

* Reductive (oxidative) adsorption, in which an aedrmolecule is oxidised while the
surface is reduced, or vice-versa.

» Catalysis, in which the surface acts as catalydtlawers the activation energy for a
reaction between adsorbed species and a previadsiyrbed molecule. The surface

remains chemically unchanged by the interaction.

As the sensor measures a change in the surfaceiconty of SnQ, only a change of its
electronic properties, i.e. a free charge tranfstan or to an adsorbed species will result in a
sensor signal. Other surface reactions may ocaair db not influence the surface band
bending. Examples include surface reactions thatatdnvolve the solid and dipole-dipole-
interactions with adsorbed hydroxyl groups. Therti®y electron affinityy or work function

@ of the sensor surface may be changed withoutudtireg sensor signal. Therefore, only the
reductive/oxidative and abstractive adsorption vaBult in a sensor signal as defined in this
work, i.e. a change of the metal oxide sensors wothdty. Figure 1-10 gives an overview of
the possible effects such an adsorption with chaegesfer has on the electronic properties of

the semiconductor.
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Figure 1-10 Adsorption of gaseous species and their effect ¢ime electronic properties of an n-type
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A brief guide to Figure 1-10 is in order: a) Gasegpecies acts as donor: (left) surface band

model, (right) changes to the electronic properinekiced by the charge transfer from the

adsorbate to the conduction bang Hecrease of the surface potential barrieg, giépth of

the depletion regiongzand work functiond and increase of free charge carrier concentration.

b) Gaseous species acts as acceptor: (left) sulface model, (right) changes to the

electronic properties induced by the charge tranBfem the conduction bandcEo the

adsorbate: increase of the surface potential bagkfe, depth of the depletion regiog and

work function® and decrease of free charge carrier concentration
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Gases with low electronegativity can act as dondransferring electrons to the
semiconductor. The increase in charge densityredllice the surface potential barrier, depth
of the depletion region and work function resultingan increased conductivity. However,
reducing gases utilised in this work, such as aarbwnoxide or hydrocarbons, do not
directly interact with the semiconductor. Insteddey react with adsorbed oxygen as
mentioned for the abstractive adsorption. The mdecpreviously trapped by the adsorbed
oxygen species is released into the conduction bétite metal oxide upon desorption of the
reaction product. In this way the electronic praoisr of the semiconductor are affected
indirectly by a surface reaction with the same ltesas for a donor interaction: increasing in
charge density and thereby increasing the condtyctiv

Conversely, oxidising gases, such as nitrogen derr ozone, will act as acceptors, trapping
electrons from the semiconductor at surface stdtes.decrease in charge concentration will
increase the surface potential barrier, depth ef depletion region and work function
resulting in a decreased conductivity just asHerdadsorption of oxygen discussed

Adsorption, interaction and reaction of selected asbrbents with SnQ Surface

Gas sensors are usually operated under atmosoeniitions which means in a background
of oxygen and humidity. The basics properties dratacteristics of oxygen and water will be
presented in the next two sections. Carbon monoxiti@lso be detailed as this is our target

gas in a third section.

1.4.4 Adsorption of Oxygen (O »)

lonosorption of oxygen is of particular importarfoe gas sensors due to its effect on the
charge carrier concentration. However, at prestre iS no unambiguous experimental
evidence on the forms of oxygen adsorption, at anmtijpressure and elevated temperatures,
on real sensors/sensor materials.

The following surface oxygen species have been rtegp (see Figure 1-11) mainly
observed with spectroscopic techniques (TPD [28]d&d ESR [30],IR [31]) on the surface
of tin dioxide: at lower temperatures (<150-200°Gjygen adsorbs on SpnOnon-
dissociatively in a molecular form (either neut@alq9 or charged
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Figure 1-11: Oxygen species detected at differergmperature on tin oxide surfaces with IR (infrared
analysis), TPD (temperature programmed desorption)EPR (electron paramagnetic resonance).

1.4.5 Water (H,0)

In nearly every application water vapor is presenan interfering gas. For this reason the
interaction of the semiconductor surface with wageof great interest. TPD and IR studies
showed, as summarised in Figure 1-12, that theacatien with water vapour results in
molecular water adsorbed by physisorption or hyenodponding, and hydroxyl groups.
Above 200°C molecular water is no longer presetigneby OH groups are continue to exist
above 400°C. IR investigations prove the presemdg/droxyl groups. However, the way in
which and where the hydroxyl groups are fixed o tiin dioxide is still under discussion.
There are publications claiming that the hydroxgups are based on an acid/base reaction of
the OH sharing its electronic pair with the Lewis acides{(Sn) and leaving the weakly
bonded proton, H ready for reactions with lattice oxygen (Lewiss®gnor with adsorbed
oxygen [38]. Others assume a homolytic dissociation of watsultimg in two hydroxyl
groups, an ‘isolated’ hydroxyl bond to Sn and aotes’ hydroxyl group including lattice
oxygen[26][39]
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physisorbed hydrogen bond chemisorbed hydroxyl groups
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Figure 1-12: Literature survey of water-related speies [48 ] formed at different temperatures at Sn@
surfaces. Results via IR (InfraRed analysis) and TP (Temperature Programmed Desorption).

All experiments reported a reversible decreasd&énsurface resistance in the presence of
water. The lessened resistance does not vanish théthmolecular water but with the
disappearance of hydroxyl groups and could theeeber related to the presence of these
hydroxyl groups [49]. Various types of mechanisnasehbeen suggested to explain this
finding. Two direct mechanisms have been proposeHidiland and Kohl [37]. The first
mechanism attributes the role of electron donorhéo'rooted' OH group, which includes
lattice oxygen according to:

Ho0+Snsq +0,¢ == HO-Srg+ OHo' + €

H,0+Sn, +0, —— (HO-Sn,)+(0

lat

+H) +e  Eqi-16
whereby Sp: and Qy are tin and oxygen atoms in the lattice.
The reaction would imply the homolytic dissociatiohwater and the reaction of the neutral

H atom with the lattice oxygen:

H'+0o" == OHo + (Eq 1-17)
The second mechanism takes into account the reabgbween the proton and the lattice
oxygen and the binding of the resulting hydroxydup to the Sn atom. The resulting oxygen
vacancy produces additional electrons by ionisaticeording to:
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H,0 + 2 SRy + O" == 2(HO-Spy)+ OHo'+ € Eq 1-18

Others [50], [51] assumed that instead of a reaction ki surface lattice, a reaction with
chemisorbed oxygen, which results in two hydroxgups linked to Sn occurs.

Morrison [52] as well as Henrich and Cox [53] calesian indirect effect, i.e. the interaction
between either OHor H" with an acidic or basic group, which are also ptmesurface
states. The co-adsorption of water with anotherodmdde, which could be an electron
acceptor, may change the electron affinity of @téel. Henrich and Cox suggested that pre-
adsorbed oxygen could be displaced by water adsargh addition, others have found hints
for the influence of water vapour on oxygen chemggon. Caldararu and others [54 55,56]
assume a blocking of the adsorption sites for omygewater. For all these mechanisms, the
particular state of the surface plays a major r8letface doping can also influence these
phenomena. Egashira et al [57] showed by TPD anotbpg tracer studies that the
rearrangement of oxygen adsorbates due to theruesd water vapour depends on surface
doping. Williams and Morris et al. also reportedtthb,O displaces chemisorbed oxygen by
H20.4s and OHgsproducing on Sn®a surface electronic state such as a surface kyidro
species, which has a higher energy state than ggeoxspecies alone, which is displaced
[58].

Clifford and Tuma [59] approximated the influencé water vapour in synthetic air

empirically by:

R=Ry(1+ Ko Puo ) £q 110

with the water-independent constants, Ry,0 and B and the water concentration in

volumetric ppm pHO.

1.4.6 Carbon monoxide (CO)

Carbon monoxide is one of the main gases of intewresthe field of gas sensor
applications. It is the target in case of fire datn, incomplete burning, etc. as well as an
interfering gas because of its high reactivity wadmiconductor gas sensors. Because of this,
CO is often chosen — even more than-Ho typify the performance of sensors. In additio
the physical and chemical properties of CO fadditenvestigations, monitoring CO and its
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typical reaction product CQwith the help of IR one can trace the productadnCO, by

looking at its adsorption wavelength.

In the following a distinction is made between Qeraction with Sn@ surfaces in the
presence of oxygen, which is well characterised iands absence (no UHV conditions),
where not much data is available.
* Inthe presence of Q

Carbon monoxide is considered to react with presdmd or lattice oxygen [60]. IR
studies identified CO-related species i.e. unidentead bidentate carbonate between 150°C
and 400°C and carboxylate between 250°C and 408°Gummary of the IR results is
presented in Figure 1-134oreover, the formation of COas a reaction product between
200°C and 400°C was identified by FTIR.

aCco® +20« — cof-% co™ +or ™

(bidententate carbonate) . CO* +O¥+e
© COF +12CF° +26+S
b co®+0x@  — Co’
(carboxylate) l
Co" rers 61,6262
64
unidentate carbonate
| | 65
IR CQO, production
bidentate Carboy)dale 380
carbonate [ | 6 6
' ]
unidentate carbonate
300
| I | | . | | | |
0 100 200 300 400 500 temperaturein T

Figure 1-13: Literature survey of CO-related specis found by means of IR (infrared analysis) at diffesnt

temperatures on a (Q) preconditioned SnQ surface. For details, see listed references.

All experimental studies in air at temperaturesMeein 150°C and 450°C report an increase in
the surface conduction in the presence of CO.deiserally accepted that the CO reacts with

ionosorbed oxygen species and thus releases elsctréhe conduction band.
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Morrison derived — using a simplified model — thependence of the resistance on the partial
pressure of CO [67]. He assumed that oxygen iseptess @ and O at the sensor surface

according to:
e+0, — O,; e +0, - 20 Eq1-20
Hereby the reaction on the left (Eq 1-20) is negl@édue to the small probability of such a

reaction, which is of a second order@ concentration. In addition, he assumed that due to

the high reactivity ofO™, the reaction oD, with CO could be neglected. The reaction is:

CO+O0 - CO,+e  Eq1-21
The detailed description of how the resulting syestdte equation can be solved is given in

[68]. An overview of the various conductance demenies found is presentedTiable 1-2

Table 1-2: Equations describing the dependence of conductancen CO concentration as derived

empirically or from theoretical calculations.

Equation Comments / Assumptions Literature
G~ s~ peo e Lo>r: reactive oxygen species;Q

B=1, 2;0=1,2,i.e. @, O, O [69]
G~ s~ pd@ Lo<r: reactive oxygen species;Q

B=1, 2;0=1, 2,i.e. @, O, O
G~ o’ empirical [70]
G =G+ Apeo™”? rate equations + S@hysics [71]
G = Gur+ A1pco’” empirical [72]
G ~ (Ao+ Aipco) ™ SC physic [70]
G2- Gi? ~ o rate equation and SC physic [73]
GP- G ~ o, 22 rate equations and SC physics [74]
G ~ 1/A ~ In(Ro) open neck
ns ~ nexp(-e\& / kT) closed neck

! semiconductor
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It is well known that the presence of water in #mebient atmosphere has a strong influence
on CO detection. The fact [75, 76] that water ewwlea the interaction of CO has been

observed. Three models have been proposed whichaotaynt for this observation. On one

hand, it is assumed that water enhances the raaegith oxygen [77]. On the other hand, a

reaction of CO with hydroxyl groups [78] , [79],dBis proposed. Various equations have

been derived for the sensor conductance in theepcesof CO and water vapour. Kappler et
al. reported that an increase in humidity leadsamoincrease in the number of oxygen

vacancies (equation 12) [78]. The oxygen vacarmidgmnce the chemisorption of oxygen and
form specific oxygen sites [81], [82]. The increas¢he number of available oxygen reaction

partners for CO leads to an enhancement of thessignal

A summary is given in Table 1-3. Moreover, in sorases a correlation between ageing and
the irreproducibility of sensors and the preserfosaier-related species could be found [83],

[84].

Table 1-3: Equations describing the dependence ohductance on the CO concentration and the water

vapour pressure as derived empirically or from tmetical calculations.

Equation Comments / Assumptions Literature
G ~ (1+ko pH,0 pco)B Empirical [85]
G~ (pco pH20)1/3 rate equations and SC physicg [86]

G ~

0c0/P0.60 O (Pr0/ P 920 rate equations and SC physics [87],[88]
C 0,CO H2 H20,0,

» CO interaction in the absence of oxygen

There are only a few papers dealing with gas iotena of semiconductor Sn@as sensors

in the absence of oxygen. The few relevant fortesis are listed below.

Safonava at al. studied the mechanism of CO semsingrogen for nanocrystalline undoped
and Pd doped SnChy Méssbauer spectroscopy and conductance measoirdB9]. The
conductance measurements were coupled with Mdsslkpeetroscopy [90] and carried out
at different temperatures (50 — 380°C) and at atamtt CO concentration of 1% in nitrogen.
With the help of the Mdssbauer spectroscopy thaatsah of Sn(lIV) to Sn(ll) in the presence
of CO was studied. They found that the electrieaponse of 1% w.t. Pd doped and undoped

SnG at temperatures between 125°C and 380°C is assdondth the process announcing
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the beginning of Sn (IV) to Sn(ll) transition. Aaedingly, CO reacted with lattice oxygen,
but, as no metallic tin was detected in the spe&inas not completely reduced.
In situ Hectron Raramagnetic_Bsonance spectroscopy (EPR) confirmed the change of

chemisorbed oxygerD,; and single ionized oxygen vacan®y concentration in SnO

during the interaction with COA\gas mixtures [91]

1.5 Conduction model in the sensitive layer

The sensitive layer of thick film sensors is veyrqus and consists of nhumerous
interconnected metal oxide grains. They can beeeitingle crystals or polycrystalline
agglomerates. The high porosity enables the amlgases to access these intergranular
connections. Because of this, a depletion layereated around the grains, the extension of
which is determined by the partial gas concentnatiand the bulk characteristics of SnO
Therefore, grain boundaries, as bottlenecks focteeic grain-grain transfer, play an
important role in the sensing layer conduction #redefore, in the detection mechanism.

If the grains are punctually connected and theetepl layer deptf\p is much smaller than
the grain radius r, a grain bulk area unaffectedthsy gas will still exists. In order to
contribute to electronic conduction, the electronginating from the “bulk” must overcome
these depletion layers and the related potentiaieba with the barrier heights g\at the
intergranular contacts. This is equivalent to anificant resistance increase of the sensitive
layer.

As discussed before, the overall resistance Rusetion of the contributions of the bulk and
the surface of SnOgrains, the electrode contacts and the intergaanabntacts. The
properties of the bulk, i.e. the part of the graumich is not depleted, are not influenced by
surface phenomena due to the rather low operatiomperatures<(400°C). The resistance
contribution of the electrode contacts, which itated to Schottky barriers between the
sensing layer and electrodes, depends on the ¢tonterial. Electrodes might also show a
gas dependent catalytic effect. The resistanceibatibn of intergranular contacts is related
to the gas dependent barriers, which have to beconee for the numerous intergranular
contacts between the electrodes. In most casesgs$isance contribution of the numerous
intergranular contacts dominates the other cortiohs.

Then the conduction of thick film sensors can bgraximated with the help of the Schottky
model by:
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GzGo(r)@kT :G(;(l-)@ KT [@ kT

where G and G’ depend on the temperature and geometric progesfiéhe layer.

Eq 1-22

1.5.1 Compact and porous layers

The differences in compact and porous layers anersatically sketched in Figure
1-14. In compact layers, the interaction with gasé®es place only at the geometric surface.
In porous layers, the volume of the layer is alsoeasible to the gases and in this case, the
active surface is much higher than the geometréc Borous layers are characteristic for thick
film preparation techniques and RGTO (Bd#axial Gowth and hermal &idation, [92]).

product desarption

0as product oas
adsarption

S> ) )
B =,
J
cornpact layer oy d L

gas product
A,
porous layer: sensitive laver
. s T = —
a.) grain boundary model f v "“‘Hj \H I; | i H'L electrodes
b open neck model — —
) closed neck model suhgrate

Figure 1-14: Schematic layout of typical resistiv&nO, sensor. The sensitive metal oxide layer is depasit
over the metal electrodes onto the substrate. In sa of compact layers, the gas cannot penetrate intoe
sensitive layer and the gas interaction is only takg place at the geometric surface. In the case pbrous
layers, the gas penetrates into the sensitive laydown to the substrate. The gas interaction can thefore
take place at the surface of individual grains, agrain-grain boundaries and at the interface between
grains and electrodes and grains and substrates [B&L].

The type of layer determines the conduction medmarof the sensor. Here, only a
small summary is given; for detailed informatiom $83].
For compact layers, there are at least two pog#sil completely or partly depleted layers
depending on the ratio between layer thickness R@blye lengthAp of the electron. For

partly depleted layers, when surface reactions atoinfluence the conduction in the entire

%2 The depletion layer is formed due to gas adsanptie@ Op.
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layer the conduction process takes place in thle taglion. Formally, two resistances occur in
parallel, one influenced by surface reactions &edother not; the conduction is parallel to the
surface, and this explains the limited sensitiotycompact layers (see also Figure 1-15) For
porous layers the situation can be further comm@taby the presence of necks between
grains. It may be possible to have all three typéscontribution in a porous layer:
surface/bulk (for large enough necks, layer thiglsrre thickness of depletion layer), grain
boundary (for large grains not sintered togethany flat bands (for small grains and small
necks). For small grains and narrow necks, whemthan free path of free charge carriers
becomes comparable with the dimension of the grairssirface influence on mobility should
be taken into consideration. This happens becégseumber of collisions experienced by the
free charge carriers in the bulk of the grain bee®momparable with the number of surface
collisions; the latter may be influenced by adsdrigpecies acting as additional scattering
centres [94].

Figure 1-15 illustrates the way in which the metaticonductor junction, built at electrode-
sensitive layer interfaces, influences the overafiduction process. For compact layers they
appear as a contact resistanRg) (in series with the resistance of the gn&@yer. For partly
depleted layerdR: could be dominant, and the reactions taking plaicéhe three-phase
boundary, electrode-Sn@tmosphere, control the sensing properties.

In porous layers, the influence & may be minimized due to the fact that it will be
connected in series with a large number of resissntypically thousands, which may have
comparable valuesR§; in figure). Transmission_Ine Measurements (TLM) performed with
thick SnQ layers exposed to CO and MQ@lid not result in values oRc clearly
distinguishable from the noise [95], 96], whilethre case of thin films the existence Rf

was proved [97].
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Figure 1-15: Schematic representation of compact @hporous sensing layers with geometry and energetic
bands, which shows the possible influence of eleotte sensing layers contacts.Resistance of the
electrode-SnQ contact, R; resistance of the depleted region of the compaetyer, R, resistance of the

bulk region of the compact layer, R equivalent series resistance of Rand R¢, R, equivalent series
resistance of R and Rc, Ry average intergrain resistance in the case of porsuayer, §, minimum of the
conduction band in the bulk, e\§ band bending associated with surface phenomena time layer, and e\&
also contains the band bending induced at the eleotde-SnO, contact.

1.5.2 Effect of the electrodes

In the different part of the sensor, it is impottam consider the role played by the
electrodes, whose impact on the response of setesyeg is generally neglected. However,
most often used electrode materials in gas sensad) Au and Pt, are also used in the
sensitive layer as catalyst (in particular Pt [9&])s possible that the electrodes which form
the electrode-semiconductor interface can play alsmtalyst and has a contribution to the
overall resistance of the sensor. This part offits¢ chapter is dedicated to a review of the
work already done about this topic.

As already seen, the contacts between semicondsetosing material and metal
electrodes also have some impact on the sensetarse and sensing performance. If a metal
and a semiconductor are brought into contact, relestare transferred until the Fermi levels
of both materials are equilibrated. If the Fernvieleof the metal is above the Fermi level of

the semiconductor, electrons are transferred fimennmetal to the semiconductor. A positive
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charge layer at the metal surface and a negatiee ne@ar the semiconductor surface are
created. Band bending and an electric field reSiie electrical contact is quasi-ohmic for n-
type semiconductors. If the Fermi level of the samductor is above the Fermi level of the
metal, electrons are transferred from the sensiatemal to the metal. A depletion layer is
created in the n-type semiconductor, an electeid fappears and the bands are bent upwards.
The resulting potential barrier which electrons énaw overcome to contribute to the
electronic conduction is determined from the défeze in Fermi energies-Hn this case the
resulting Schottky contact shows diode-like behaviand the resistance is increased. Both

situations are sketched in Figure 1-16.

E E E
E\/AC
X |o
e, | [T Ec >, -D

= D, - " Ec =

E|: ............. ;_ 4_—+_+:+; .................. EF +
Ev - + E,

% - E, +
metal d | semiconductor metal - semiconductor metal semiconductor
a) b) ®, >d o) P, <P,

Figure 1-16 : Metal-semiconductor contact. a) Bandtructure of metal and semiconductor @,,>®,) before
contact. b) Metal-semiconductor contact®,,>®,). Electrons are transferred from semiconductor inb the
metal until the Fermi levels are equilibrated. A deletion layer and an energy barrier result. The
resistance behaviour of such a contact is diode-bk ¢) Metal-semiconductor contact®,,<®). Electrons
are transferred from the metal into the semiconduatr. A small enrichment layer at the interface insia
the semiconductor results. The resistance behaviois quasi-ohmic.

In the case of porous metal oxide films, the gay also reach the metal electrodes. Hence
the contacts can additionally have a catalyticotflend may support the interaction for a

particular gas.

1.5.2.1 Effect of the metal inside the sensitive layer inesniconductor

Sensitization with noble or alkali metals is oftesed to improve the performance of
the dioxide sensors: it enhances the stabilitypaese and recovery times, and it decreases the
cross sensitivity to water vapor (Pd) and the dpegaemperature. Although the expression
‘doping‘ is in common use, it is, in most of thesea, not doping in the classical
semiconductor physics sense but rather a loadimgetdllic clusters onto the surface of metal
oxide grains (Figure 1-17).
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In general, upon exposure of as-prepared senstasget gas the metal clusters at the surface

of metal oxide can:

* react directly with the target gas, catalyzingctsiversion without interaction with the
supporting metal oxide;

* react directly with the target gas, where the taggs removes electrons from the metal.
The metal, in turn, compensates the lose of elestly withdrawing them from the
semiconductor which leads to the formation of tkeelétion layer and band bending -

Fermi level controimechanism;

* increase the concentration of reaction partnershatreaction site. The metal can
dissociate the reactant i.e; {99, 100] ,H [101] andspillover the resulting species at
the surface of the metal oxide;

More detailcan be told about the spill over effect. Thermiblecule can dissociated in
contact with a catalyst metal. After the dissooiatof the Q@ molecule, the oxygen atom can
migrate to the surface of oxide and take one a@aditom the oxide to be stabilized one the
oxide site. This effect changes the depletion layethe oxide. The following equation

summarize the spill over effect

02 (gas) + 2§—2 O-sy

O-su+ ex + 2?0 -s + 3

sw adsorption site of the metal
s adsorption site of oxide

The presence of catalytic metal makes easier tfenezation of O-s species

In presence of a gas(R) two possibilities can betioeed:
The first one is the Dissociation of R on the gaialmetal and then a reaction with O-
s. The typical example is;H
H2 (gaz) +2 g—2 H-sq
H-sy + s— H-s+ sy

2 H-s+ O-s—H,0 (gaz) + ex+ 3 s

42



Basic and survey

In this case, the consummation of the oxygen spegiees the evolution the electrical
properties [102]

In this first mechanism, the oxidation of the gasléesn’t take place directly on the
surface of the catalyst. Here the catalyst faveimgply the dissociation of the different gas.
This effect is called “chemical sensibilization’daa good dispersion is necessary to get the
better effect.

The second mechanism is simply catalysis on thalmet

* locally increase the temperature in the vicinity tbe metal center leading to an
enhanced catalytic activity [103].
Within this study the Pd additive was used. Pd taddiin SnQ is foremost known for
enhancing sensitivity to CO in the presence of mapor.

-\“2 Fermi level
— control

- O
(o

spillover ) ®
0§ Yy
—
o .
% o 0’ catalysis
R l on metal
RO DN

Figure 1-17 : Effect of loading of the metal clusteat the surface of the metal oxide.

There is no common agreement on which of the twstip@ccepted models (spillover or
Fermi level control) is responsible for Pd activifyhe early investigation on well defined
Pd clusters on Sniuggests the Fermi level control mechanism [1B4)ing also in mind

that Pd clusters under atmospheric conditions ahly bxidized this suggestion seems

sound: PdO has much large work function and thusesan electron depletion zone in the
SnG.

1.5.2.2 Effect of the nature of the electrode
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In 1986, C. Pijolat & Al [105] revealed an influenof the electrodes on SpBased sensor
for the detection of Benzene. Figure 1-18 the mrasults are illustrated; depending of the
nature of the electrodes (gold or platinum), thaduetance as a function of the temperature
under Benzene is plotted. The maximum of the psahifted. The performance of the sensor
against this gas could be governed by the natutieeoélectrode and the operating temperature.
This author introduced the importance of the msgahi-conductor interface and the band-
bending where the height is managed by the nafuteeanetal.

[7 G (10—% . -7)

200 400 600 T eC J
ok 1 e

Figure 1-18: Influence of the type of metal wires v the temperature-conductivity curve [78].

Few years after, Schweizer-Berberich [106] teshedimpact of the electrodes on gas sensing
properties of nanocrystalline Sp@as sensors. A clear trend, in Figure 1-19 was doun
showing an enhancement of the sensor responseRwitlectrodes and all the differently
materials (undoped and doped $hn fact for undoped Snr Pt doped SnHthe effect of

the electrodes is observed. This sensitizationceféecurs in addition to the effect of the

doping.
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Figure 1-19 : (a)-Calibration curves at several opmtion temperatures of 450°C annealed Pt doped SnO
powder on substrates with platinum electrodes (rigt) and gold electrodes (left).
(b)-Calibration curves for CO at several operationtemperatures of pure SnQ powder (112 nm) on
substrates with platinum electrodes (right) and gal electrodes (left)

S.M.A Durrani [107] used four different natures @éctrodes Ag, Al, Au, and Pt. A big
difference appears between Ag and Al which are $essitive whereas Au and Pt are more

sensitive.

Lantto [108], in Figure 1-20 shows the conductaoicthree similar Sn@thick Film sensors
(doped with 100 ppm of Sb), having Au, Pt and Afite Au and the other Pt) electrodes, as
a function of inverse temperature between 200 &0dd in air with a humidity concentration
of 1000 ppm. In the case of the sensor with AulBtteodes, conductance values are given
for both the polarization directions Au+/Pt- and-/Ri+. It is possible to conclude from these
results that a contact resistance with some reatiin characteristics is present at the
Au/SnO, contact. The positive voltage at the Auctetele corresponds to the forward
direction of an Au/Sng Schottky diode. Many peculiarities, however, teldo the

rectification property of the contact;

10 ol T -

Au _ Sn0O2 + Sb (109 ppm)

AunPrs Air + H20 (1000 ppra)
Au

+»00

CONDUCTANCE (8)
H

-
@
L

.
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Figure 1-20 : Conductance of three similar Sb-dope 00 ppm) SnQ, thick-film sensors with Au, Pt and
Au/Pt electrodes as a function of inverse temperata in air containing 1000 ppm of HO. In the case of
the Au/Pt sensor, results are given for both polazation directions of voltage (Au+/Pt- and Au-/Pt+).

SAukko [109] also studied the impact of the eled#® materials on the performance of sensor
provided by Pt or Au electrodes. He shows thatames case the energy barrier between

electrode and the sensing semiconductor coulddrefisant compared to the energy between
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the semiconductor grains. Sample with Pt electneds more sensitive to ;Hvhereas Au

seems to give a better response to CO.

1.5.2.3 Effect of the geometry of the electrodes

1.5.2.3.1 Position

In addition to the type of metal used as contaetesal authors note the significant
effect of the position of the electrodes. S.M.A @mi [110] and X.Vilanova [111] show an
unexpected result that the electrodes placed omofh@r side give a higher sensitivity, but
electrodes placed on the bottom are the most stiegein terms of selective U.Jain[112]
found the same conclusion using a numerical modei ® slight difference: the relativity
reactivity of the gas. The back contact sensor bellmore selective for moderately reactive
gases compared to less or more reactive ones, which general agreement with the

observations made on Figaro gas sensors.
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Figure 1-21: position study by Jain [84] h@N\@

1 SnO2 Si02 e clectrodes

Figure 1-22; Structure simulated: A SnO2 active
layer on a SiO2 substrate. Zero thickness ideal
electrodes have been considered (Duranni) [...]

1.5.2.3.2 The width between the electrodes

S. Capone [113] made some investigations abouintheence of the spacing between

the two electrodes; see Figure 1-23 and the natutke electrodes (Au and Pt).The author
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showed that the sensor with the shorter fingerra¢ipa show a higher response to CO with Pt
electrodes. The sensor provided with gold elecs@idfer from diffusion of metal into the the
sensitive layer. The reason could be a higher ciidie efficiency of the electrical signal, due
to the fact that the current, crossing short patha too much influenced by charge trapping or
barrier limited conduction. Sensors prepared witkelBctrodes have shown a higher resistance
compared to sensors equipped with Au electrodesalliyj she shows that the humidity
enhances the response of CO greater in the cagelbthan platinum. In other pap&t]...]

she also demonstrates that the ageing of the dastaenajor cause of the drift of the sensor.
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Figure 1-23: Calibration results for all types of éectrodes configurations both in dry and wet air (9%)

U. Hoefer[115] uses the TLM, “Transmission line radto characterise the contribution of
the electrodes in the overall resistance of thes@erin Figure 1-24, under gas, this author
shows that mainly the resistance near the eledrazlaffected where in the same time the

others are not.
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Figure 1-24 : NO, effect on the contact R sheet resistance Rand modified sheet resistanceR of non
catalysed TLM sensors Vs measurement time, T=300°60 %RH.

1.5.3 Model of conduction
- Various approach

Various authors have tried to explain the role leé €lectrodes. Udo Weimar [116]
showed by impedance spectroscopy that the essehtiaé phenomena seems to be localized
near the electrodes. This author introduced theiomobf the three boundary point
(semiconductor/the metal/the gas) which seems dag ah important role. The extraction of
electrons from the depleted region causes a lafject as compared to the changes in the
“bulk” material between the contacts. K. Varghe&&[l attributes the occurrence of the
capacitance to the accumulation of adsorbed oxygenspecies at the sample-electrode
contact region, Figure 1-25. This result confirrne tain role played by the three boundary

point.

Adsorbed

valleys oxygen
<= Nano- . @ e~ depleted
Crystallite nanocrystallite

Figure 1-25: Schematic diagram showing accumulationf (O,4s) ions at the electrode-sample contact
region and its effect on depletion layer width [.].
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- Model of P Montmeat, basis of this study

In M.I.C.C. department in St Etienne, during theypous thesis of P Monmeat, the
role of metal (gold) on the electrical responsdinmxide sensor was investigated thanks to
the development of a particular test bench (Figugg): it allowed separating the atmosphere
surrounding Sn@region in contact with gold electrodes from thma$phere in the area
between electrodes.

Intemor Chas (1) ]

Metallic area (gold) only on “modified” sensors

Exterior Gas (E) I

25 mm

Cold — Gold
it electrodes
{ Electrical
measurement

Figure 1-26 : Schematics of the test bench to geme different atmospheres: exterior gas (E) in comatct
with gold electrode areas, interior gas (l) in cordct with only tin oxide for standard sensors and wh tin
oxide and the centered metallic area for modifiedensors.

The action of oxygen and thus of a reducing gab siscCO, Figure 1-27, was under
focus and is greatly enhanced in the region comgimgold. This result associated with
calorimetric tests, Figure 1-28, indicates the tio@aof specific oxygen species at the metal—

oxide interface.
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Figure 1-27: Electrical response of a sensor to C(300 ppm) at 450-C in a test bench with separate
atmospheres (E: SnQ@electrode area; I: SnO2 area).
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Figure 1-28 : Calorimetric signal obtained at 406C for an increase of oxygen pressure from 0.1 to 50
mbar for a pure SnO2 material and on SnO2+gold matgal.

A qualitative physico-chemical model, in Figure 9-Zased on the electronic effect of

different oxygen adsorbed species, resulting innheease of space charge area was proposed,
more detail in [118].
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Figure 1-29: Proposed mechanism based on space chararea at the three boundary point (gas-metal-
oxide) to explain metal effect on tin oxide electcal conduction, from [116].

Taking into account the previous physico-chemicachanism, a geometrical model
based on space charge area is proposed in ordguaatify the influence of the sensor
thickness. In agreement with the schematic reptasen of the model in Figure 1-29, it was
considered that sensor is constituted of depletealsdocated at the sensor surface and under
the electrodes (three-boundary point) due to oxygmisorptions at these particular points,
and of non-depleted area. At the moment, no exmariah results bring information
concerning the shape of the depleted area at tee thoundary point. In order to simplify
further calculations, it was considered a rectamgshape centered under the three boundary
point Figure 1-3()). Then, it was supposed that the resistigN of the not depleted area is
constant and independent on the atmosphere. Thhgsis is supported by the experiments
with separate atmosphere (Figure 1-26), as thehgasa negligible action in the inner area
which only contains SnOand is not under the influence of the three boongsoint.
Concerning resistivityS under air of the depleted area under the suritaegs assumed that
it is constant within a weak thickness Figure 130

The result and the different parameters used avevrsiFigure 1-30 for SnObased
sensor in the presence of carbon monoxide and @than thickness varying from 10 to 80

um.
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25 5 (d)

T T T T 1
0 20 40 60 80 100

Figure 1-30: (a) Geometrical model of conductanceitth depleted area under the comparison between
experimental measurements and simulated curves fmonductance under air (b) , CO ( ¢) and for the
sensitivity (d). [...].

Summary of the bibliography

The aim of this first chapter was to remind thaegal properties of the tin dioxide and
especially which can be useful to understand aulte

In the SnQ@ used as sensor different contributions from trengrthe grain boundary
can be clearly identified. Most of authors suggesimportant role of the electrodes but a few
of them have an explanation. The possibility ofagtipular zone called three point boundary
that could play an important role on the detecisoone of the justifications.

Due to its localization and the difficulties to g&d of the other contributions, it is
difficult to have some proofs about the real pdssdxistence of this region.

This study will try to add a contribution to undersd the role play by the electrodes
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CHAPTER -

2 Material, sensors preparation and electrical
measurements

Les méthodes de préparation relatives a la rédlisatde nos échantillons seront

présentées dans ce chapitre. Les différents mositéigetriques utilisés dans cette étude
seront également décrits. Quant aux résultats alg#tesur I'influence de la nature des

électrodes, nous les présenterons dans une dermpéte
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The influence of electrode material on the propsrof oxide semiconductor gas sensor
was not often studied. Contact resistance or depléayer that is formed in the electrode—
semiconductor interface can in some cases havdisagt contribution on the response of the
sensors, as reported by P Montmeat (cf. previowptehn). It is extremely difficult to
characterize this region because it is generallyd#&n” by the resistance of the sensitive layer
(like SnQ). By increasing the contacts between electrodeks SmQ grains, the energy
barriers in the electrode—semiconductor interfagesld have a greater significance in the
sensor response. In this work, the influence ofelleetrodes on the properties of Srfased
gas sensors was studied by comparing samples ighethit electrodes materials, namely Au
and Pt. To enhance the electrodes influence, npatdicles were dispersed in the sensitive
layer in order to increase the metal/Sr@Ontact. Electrodes are mainly obtained from scree
printing technology.

This chapter contains two parts: firstly, the pregian of the different samples used and
the sensor fabrication are described; secondlyekbetrical characterization of the influence
of the electrodes nature is presented.

2.1 Material and sensors preparation

2.1.1 Powder and ink preparation.

2.1.1.1 Pure SnO, powder

T T T T T T T

Tin oxide, SnO2

Stock number: 5010FY

JCPDS card number: 21-1250
Radiation: Cu Ka

Crystallographic system: tetragonal

Space group: P4,/mnm (136)

Intensity (a. u.)

e o

20 40 60 80
2 O (deg)

Figure 2-1: XRay diffraction pattern of the SnO2 nanoamor powder
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All sensors investigated have been obtained byguaicommercial powder of SRO
from Nanoamor®. As shown in Figure 2-1, the Sm@Owder is perfectly crystallised and has
a high specific area around 30m?3/g corresponding tgrain size of approximately 30nm.
Nevertheless, SEM picture (Figure 2-2) reveals that SnQ powder can agglomerate with
agglomerates of few micrometers (if). The sensor sensitive layer results from a paste
obtained from this powder. The paste is obtainedhbyng an organic binder and an organic
vehicle from ESL® with Sn@powder. The details of the proportion are sumneakin Table
2-1.

Figure 2-2 : SEM Picture of the particle of ShO2 Naoamor®. Particles have a tendency to agglomerate

Table 2-1 : composition of the Sn@paste

Component Quantity
SnG, (Nanoamor®) 49
Organic binder(ESL) 179

Organic solvent (ESL) 20 drops

This composition has been determined [119] in thgotatory of St Etienne to have an

adequate Rheological characteristic for the scpeering technique.
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2.1.1.2 "Mixed SnO," preparation.

To amplify phenomena which can occur at the metaliectrode-Sn@ interface,
"mixed powders" have been prepared from the ;Sn@noamor® powder mixed with
commercial metal (Au or Pt) powders. The size efretallic particles is bigger than the one
of SnQ powder, around um. The aim is to disperse the metal into the seeslayer to
increase the metal/semiconductor contact and tkgép the massive metal proprieties. Figure
2-3 exhibits the SEM pictures of metal particleeeTnorphology is different between gold
and platinum powders. In fact, a homogenous rouathgs observed for the gold whereas

some cavities and porosity are observed for thinpia particles.

Figure 2-3 : SEM pictures of the metal particles ioluded in the SnQ layer; (left) gold particle (right),
platinum particles

The preparation process is quite simple (Figure. Z2de SnQ powder and 1% wt (weight)
metal powder have been mixed and finely grindedsigg mortar and pestle. Secondly, a

paste has been obtained by adding the same salvdrihe binder as before.

]

+ PLpowder Grinding

Mixed SnO,+ Pt ‘

+ organic vehicle and organic binder

[ Paste of the Mixed SnO,+ Pt

Figure 2-4 : Schematic of “mixed” tin dioxide powdes preparation techniques.
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The metal particles are visible to the naked epe XRD analysis confirms the presence of

the metal into the paste. The example for platimishown in Figure 2-5.

600

SnO,+Pt

500+
400+

300

Intensity (u.a)

200+
100
] |
T T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75
20

Figure 2-5 : XRD of SnQ, mixed with platinum particle. The Band marks with a blue line prove the
presence of the platinum into the sensitive layer.

2.1.2 Sensors fabrication

2.1.2.1 Deposition on the substrate.
All devices have been mainly obtained by usingestigrinting technique.

SOUEEgEe’s
direction

BUsEgER E— —
undevdsped part
L . e g
sssiosss R TR R T,
GereEn BAGee e T | l e & LT

subatrale

Figure 2-6 : Principle of screen printing. A rubbersqueegee presses the viscous paste through. the
undeveloped part of the screen onto the substrate.

For the transfer of the paste onto ceramic sulestratreen-printing is used. Hereby, a rubber
squeegee presses the paste through the undevglagenf the screen, which works as some
kind of mask for the paste transfer, onto the sabst(see Figure 2-6). By this method, SnO
layers can be adjusted with a thickness of a fearometers to around 1. The thickness
value depends on the chosen screen, the pastesitysand the screen-substrate distance. For
the herein discussed sensors, a semi-automatienspranter (Aurel Model C890, Figure 2-7)

was used. The screen is made from stainless stédias a mesh count of 300.
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>

Figure 2-7 : Screen printing machine Aurel Model C80

After screen printing, the substrate stays someaitegat room temperature to allow the paste
to settle. Afterwards, the substrate is put inthhyang oven (MEMMERT UM/SM 100) to dry
the paste at 80°C. Finally, the substrate is iedgeiito an oven. During the final annealing,
the so-called “firing”, the organic binders of tHém are removed. The layer gets
mechanically stable and is firmly bond to the stdist The used oven (Thermolyne Type

F48000 Models) has the possibility to control thenp and the dwell (delay).

700G =

500°C

00"

100%2 o

1h

Figure 2-8 : Typical firing profile for a thick fil m paste. The temperature is raised slowly to the mxamum
temperature, where it is kept for 10 minutes, aftewards a controlled cooling takes place

The firing profile was adjusted in such a way, tharadual heating from room temperature to
the maximum firing temperature (700°C) and a gradaaling back to room temperature was
achieved (see Figure 2-8). The operation takeseptaair for the firing step. The thickness of

the finally resulting Sn@layer for the discussed sensor types was aroujch 20
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2.1.2.2 Geometry designs for substrates, heaters and eleottes for DC
measurement and DRIFT analysis

The planar substrates are tiles made out of alurgzDs;, purity of 96%) with a
lateral dimension of 2inch x 2inch and a thickneE§0Qum. These tiles are predicted and
provided with Pt or Au interdigited electrodes dre tfront side for measuring the sensor
resistance and Pt heaters on the back for keepmgénsors at the operating temperature
(Figure 2-9). The measuring electrodes have thedalyghape used for conductivity sensors,
namely 2 combs opposed one to the other, the $eddaterdigital structure. The width of the
fingers of the electrodes is 0.2mm and the gap émtwthe fingers is also 0.2mm. The
electrodes material is additive free gold or platmwhich required e.g. a firing of the
substrates with screen printed Pt electrodes amdehetructures at 1600°C (constructor
information) and 980°C for gold. Each substratedbdiventy sensors. Due to predicing they
can easily be separated at the end of preparation.

Sensitive Layer (Sn D:].,? UL

Top View Hi”mm Cross Section

Interdigitated Bedtrodes

2434 i = alpm

i : —
Bottom View e 42 e £
- 0.7 mm
Flainurm Heater .
A pm
PtEledtrodes  nLAoWde
Side View o = .";-
- -
Pt Hest or Alumina s e

Substrae

Figure 2-9 (same as Figure 1-15): Layout of the pter alumina substrate with Pt electrodes and Pt hdar.
The SnG, layer is printed on top of the interdigitated electodes. The heater on the back keeps the sensor
at the operation temperature.

The sensors obtained by such technique will be tsddC characterisation and DRFIT
analysis.

2.1.2.3 Specification for the TPD samples

Temperature programmed desorption (TPD) technicagewsed in order to investigate
the desorbed species from the different sp@wders. Due to some limitation of the DRIFT
technique (mainly, the impossibility to observe txggen at the surface), it was interesting to
associate TPD investigation with DRIFT analysiseTdm of this study, developed in the
chapter 3, is still to understand how the electsockn disturb the surface species. Due to the

experiment set up, it was not possible to work aliyeon sensors but on powders. The
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powders were obtained by following the same procedo obtain the sensitive layer for the
gas sensors. Starting from the paste of pure,&md mixed metal SnDthey were screen
printing on Teflon substrate. After 10 min dryindpe layer is removed from the Teflon
substrate and grinded again to obtain a powders&lppwders were annealed in the same

condition as gas sensors device. Finally 3 typgmwufders were obtained:

- Pure Sn@
- Mixed SnQ + 1%wt Pt
- Mixed SnQ + 1% wt Au

2.1.2.4 SnO, sensitive layer characterization on sensors

= Pure Sn@layer -

Figure 2-10 : SEM picture of the sensor with goldlectrodes and platinum electrodes prepared by scree
printing

Figure 2-10 shows the SEM of the deposition of [@mé& on the top of Au or Pt
electrodes. The SEM pictures indicate a thickné29em and a good adhesion with the
substrate. No crack has been observed. The lagdyecaonsidered equal regard to the

electrodes nature.

= Mixed sensitive layer

The metal particles are naked eye visible. Thecapthicroscopy images (Figure 2-11) prove

the presence of well dispersed metal particle énldlyer
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%‘ i tehE i -évx t
“Mixed Au"=SnO ,+Au “Mixed Pt"=SnO ,+Pt

Figure 2-11 : Optical microscope picture of the sesor with gold electrodes and platinum electrodes
prepared by screen-printing

2.1.2.5 Calibration of the heating of the sensor

Tin dioxide sensors are operated at elevated teanhpes in the range 200°C and
400°C. To keep the sensor at the operation tempetad power supply is used to ensure a
constant voltage drop over the platinum meandeahemnrear side of the alumina substrate. In
order to calibrate the platinum heater, i.e. toaobtthe relationship between the applied
voltage and the thereby adjusted temperature, faar@ad pyrometer (Maurer KTR 2300-1)
was used. The measurement set-up is sketched umeFR312. The pyrometer detects the
infrared emission from a measurement spot of 3nting §rea of the sensitive layer is 7mm x
3.5mm) and calculates, using the specific emissamificiente of the materialgsno, = 0,75),
the temperature of the sensitive layer. The pyremistkept at room temperature and can be
used for detecting temperatures from 200°C to 5007 resulting calibration curve of the

platinum heater for temperatures from 200°C to 40i@°given in Figure 2-12.

500

450 -

O

400

Infrared Pyrometer
350

Temperature [C]

300 -

Fit Function: Y=55.1X+6.61

=

a) b)

Voltage [V]

Figure 2-12 : Calibration of the Pt heater. In a) he measurement set-up is sketched. The resulting
calibration curve b) can be nicely approximated bya linear fit.
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2.2 Electrical measurements
2.2.1 Test Bench presentation

The sensors were mounted on a Teflon chamber aatgchéy a power supply. The
resistance was measured with a scanner multim&ethiey DMM 199 or DMM 2000,
Germany). The gas mixtures were adjusted by a geisgrsystem. In order to be absolutely
sure that thermodynamic equilibrium was reached tfg various surface complexes
associated with water adsorption, the sensors kagein an atmosphere of constant humidity
for 10h after every variation in humidity, and befdhe test gas was introduced. The sensor
signal was investigated for CO and £ékposure. The sensor was purged with a flow of

synthetic air for 1h between every two successageapncentrations.

digital multimeter
with scanner pawer sUDply

SR ot C=—s [ O]
data acquisition —_——

|EEE to PC ‘T
= - " i
= | te 5t chamber
DAAD | valveMFC I humidity

Figure 2-13 :Experimental set-up which was used for DC charactesiation of gas sensors. A computer is used to
adjust the ambient gas atmosphere of the sensors hyeans of a gas mixing bench and to acquire the sam resistance
data via a digital multimeter and IEEE card. A power 2upply keeps the sensors at operation temperature

- Mixing and monitoring of gases

In order to provide the desired gas atmospherasmipang systems are used. A typical
gas mixing system consists of PC controlled mamss fontrollers (MFC) and valves. The gas
mixing, Figure 2-14, system is operated by homeevsadtware called POSEIDON. The
software via A/D card not only controls the actgas flow through the mass flow controllers
but it can also (at the same time) record the taasie of the sensors and other parameters like

humidity or oxygen concentration
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T ~ Synthetic
¥ air

-1,

co

Humidified air|

-

= .Zu t {z00]
Valves ll"., Mass flow
\ controllers [mlfmin]

Water vaporiser

Figure 2-14 : Schematic picture of a four-channel@s mixing bench. Test gas is introduced either frorgas
cylinders or added by flowing synthetic air throughvaporisers. The latter is used to adjust the relate

humidity .

2.2.2 Results and discussion

2.2.2.1 Metal Nature influence

In humid or dry condition, three types of Sn€ensor have been studied under
different concentration of CO (90, 160, 230, 300npp2 sensors were obtained from the
same Sn@ink but the nature of electrodes is different:
SAu: pure SnQ@+ gold electrodes
SPt pure SnQ@ +platinum electrodes

Moreover a third sensor is studied,
S (Au) Pt mixed SnQ@ + %1 Au particles and screen printing to
substrate provided with platinum electrodes.
S (Pt) Pt mixed SnQ + 1% Pt particles and screen printing to substrate
provided with platinum electrodes. Due to the latkime, only few
experiments was done with this sample.

The main results obtained are shown in the follgwin

2.2.2.1.1 In dry air

For 3 different temperatures 200°C, 300°C and 40@R€ responses and the sensor
signals are shown in Figure 2-15. As expected, thighrise of the temperatures, the values of
the baselines resistances decrease. For exam@fpthe value is 135M at 200°C and goes
to 1.8M at 400°C. It is well-known that the reaatiat the surface with the gas phase and the

semi-conductor is fundamental for the value of thsistance. With the temperature, the
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chemistry of the SnPsurface is different, especially the chemisorptadroxygen species,
water and hydroxyl groups which can be bond in sdweays as a function of temperature
(see chapter 1). Samples SPt and S(Au)Pt providdd platinum electrodes always show
higher values of resistance than gold ones. Atadéal/temperature, the differences between
the resistances of each sample become more prosmuAt 200°C, the resistances of each
sample are in the same range of2MFocusing on pure Snased sensors provided with
gold and platinum electrodes, only 18\separates these two types of sensors. At 400&C, th
difference becomes larger, around one order of &g These results clearly confirm the
role played by the electrodes nature, even under Sample provided with platinum
electrodes but with a different sensitive layert 8Rd S (Au)pt, exhibit also interesting
results. S(Au)Pt which is loaded by 1% wt Au shdles highest resistance for each working
temperature. The behaviour of S(Au)Pt is very closthe behaviour of SPt . The density of
Gold particle/Sn@ contacts is more important than platinum electséfBieQ contacts.
Results of pure Sndprovided with gold electrodes show the loweststasice. So, by adding
gold particle inside the sensitive layer, S(Au)Rte, could expect that the resistance of such
example would be lower compared to the one of @Rtpte. However, experiments show

opposite results which mean that the platinum eddets have the dominant effect.
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Figure 2-15 : Response (a) and sensor signal of Sn€ensor provided with gold electrodes(SAu) or

platinum electrodes (SPt) and Sn@+1%Au sensor based provided with platinum electrode (S(Au)Pt) to
CO (90,160,230, 300 ppm)in dry air at 200°C, 300°&nhd 400°C
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When sensors are exposed to CO gas, as expectetiype semiconductor, the resistance
decreases due to the interaction with the redugagy@. The sensor signals {RRqa9 are
shown in Figure 2-15(b). For all sensors, with iiherease of CO concentration, the sensor
signals increase. As expected, for undoped Sti@ sensor signal is low, around 10 (doped
with Palladium for which the value can go to mdnart 100]...]).Gold particles inside the
sensitive layer S(Au)Pt increases a little bit $keasitivity, but only at high temperature (300-
400°C). The value of the sensitivity is still lowitiw gold particle inside the layer, which
proves that the material is not doped. The mefaisisdispersed in Snayer as required.

At 200°C, the sensor signal is much higher for eemndgth gold electrodes than the
one with platinum electrodes. The sensor signaS@u)Pt is close to SPt. With gold
electrodes the sensor signal is the best, but gath particles included in the sensitive layer
(which means more gold/SaQontact) the sensor signal is the same as SPs. rElsult
matches with the observation already mentionedriPaedominant effect of the electrodes in
opposition with the effect of a metal dispersethia sensitive layer is revealed. By increasing
the temperature to 300°C or 400°C, SPt and S(Alpgtome the most sensitive sensors to C
Oand SAu the lowest. The difference between thea®BtS(Au)Pt is difficult to explain by
only electrical measurements but these result parthat the presence of electrodes modified
the sensitivity of the gas sensor.

2.2.2.1.2 Humidity effect

For the present study, the influence of humiditg haen investigated at 10 % relative
humidity (RH) and 50% RH. The sensor is exposedifferent CO concentrations from 90
ppm to 300 ppm. The temperature of the sensor svdreen 200°C to 400°C. The results
obtained in dry air are inserting for comparisothwiumid air. The results for 200°C, 300°C
and 400°C are shown in Figure 2-16, Figure 2-17Figdre 2-18 respectively.
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Figure 2-16 :Response and sensor signals of the sensors for SPAu, S(Au)Pt ,at 200°C at different level of
humidity (dry air, 10 or 50 %RH) .

In dry air, at 200°C, the sensor with gold elect®ds the most sensitive to CO. Both
sensors with platinum electrodes are the lesstsenslhe performance of the gold electrodes
sensor is still the best in humid conditions. Hbsansors the sensors signals are twice lower
than in dry condition. For SPt and S(Au)pt, it clgappears that CO detection is blocked by
the presence of humidity. In presence of humiditg, performances in terms of sensor signal
are slightly decreased with the increase of humildivel from 10 to 50%RH. They are not
too much sensitive to the humidity level at thisnperature. The baseline resistances at
10%RH and 50%RH are quite similar.
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Fesponse at 200°C
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Figure 2-17 :Response and sensor signal of the sensor for SPAUS S(Au)Pt at 300°Cat different level of humidity
(fry air, 10 or 50 %RH) .

At 300°C, it was already mentioned that the sengmrgided with platinum electrodes
are the most sensitive in dry air. The presencaunhidity affects the performance of all
sensors but in particular sensor provided withiplem electrodes. Sensors with platinum
electrodes are the most altered, see Figure 2+i& s&énsors are 4 times less sensitive in 10%
RH than in dry air. In fact, at 300°C, in humiditile sensor with gold electrodes is the most
sensitive which means that the sensor is lessrdetiuby humidity. Here, the interesting facet
is the reverse effect in function of the electroadéure. At 300°C, in dry air, sensors provided
with platinum electrodes are the most sensitive red® in humid condition the gold one

exhibits the higher sensor signal.
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Figure 2-18: Response and sensor signal of the sensor for SPALS S(Au)Pt at 400°Cat different level of humidity

At 400°C, Figure 2-18, the performance in dry aivery low for all sensors. In this
range, the platinum electrodes are the most seasiti presence of humidity, at 400°C, the
performance increases to a factor 2.5 in 10% RHedsag# than 2 in 50% RH. On opposite to
200°C and 300°C, the presence of humidity enhaicesCO detection for all sensors.
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Figure 2-19 : Sensor signal for the sensor SPt, SA8(Au)Pt in dry air, 10%RH and 50%RH as a function

Figure 2-19 shows the results of the CO detectlutained at a fixed concentration (300ppm)
in dry and humid conditions as a function of therkimy temperature. In dry air, the curve
shows a maximum detection for 300°C. With humiditye shape of the curve depends on the
type of used electrodes. With the gold electrodeaspde, the shape is conserved, but the
sensor signal decreases slowly with the increas¢h@fhumidity level. At 300°C, with
platinum electrodes, the CO detection is blockedheypresence of water. In fact, the sensor
signal is extremely altered. The CO sensitivityr@ases linearly with the temperature without

any maximum at 300°C. At elevated temperature (@p@nd for a high level of humidity, all
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sensors can be considered equal.
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2.2.2.1.3 Comparison between S (Au) Pt and S (Rt) P

Due to the lack of time, only few experiments waoae with the sample S (Pt) Pt.
Figure 2-20 illustrates the comparison between 'y & and S (Pt) Pt. The resistance and the

sensor signal for both types of sensors, Sm@ed either gold or with platinum are relatively

platinum electrodes

close.
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Figure 2-20 : Resistance and sensor signal dependeron the CO concentration in dry air at 350°C
sensors working temperature. “gold or platinum mixel sensor” provided with platinum (Pt) electrodes

As follow, the characteristic are:

e Identical performance is observed for both typesioded SnQ based sensors.

* The baseline resistance for sensor contain Platmixad sensitive layer is

little higher than mixed Gold device.

71



Material, sensors preparation and electrical measents

2.3 Conclusion

The role of the electrode could be expected to onliect the output signal resulting
from the transduction of chemical reaction at thdaze of the sensitive layer. As mentioned
by many authors, we check that the electrode nagtlags an important role on sensors
performance. For the detection of CO, it is palntait that sensors provided by platinum
electrodes are the best in dry air however watersakhe sensor with platinum electrodes.
The performances are driven by the electrodes.difarent types of mixed sensitive layers
but with the same type of platinum electrodes,gbdormances are quite close. The role of

metal dispersed in Sndayer is not clearly explained.
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3 Investigation of the surface reactions by
DRIFT analysis and TPD

Les mesures électriques ont certes permis de nmaitéyvidence les effets des électrodes
sur les réponses électriques des capteurs ;Srite@pendant, les causes n‘ont pu étre
clairement identifiées. Afin de comprendre lesteffdes électrodes sur la détection des
capteurs de gaz, une approche originale a étéseésli L'implication de I'électrode dans les
réactions de surface a été étudiée a l'aide du DR(Feflexion diffuse en Infrarouge en
transformée de Fourrier), simultanément avec la uresde la réponse électrique. Cette
meéthode permet d’analyser la surface tout en cd@maitt les changements électriques. Afin
de mieux comprendre les réactions a la surface,&inde par thermodésorption (TPD) a été
elaborée. En effet, il s’est avéré que la chimitorpde I'oxygéne a la surface du Snést
primordiale. Le dispositif mis en place avec le BRhe nous permet pas de suivre I'oxygéne
et donc la TPD s’est révélée complémentaire potie @ude.
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3.1 Introduction

The influence of the nature of the electrodes therdetection performances of semi-
conducting metal oxide based gas sensors was reedgand experimentally proven in the
previous chapter. This one is divided in two pawith a spectroscopic approach for the
investigation of the electrodes role:

The first one deals with DRIFT (Diffuse Reflectant®rared Fourier Transform)
performed simultaneously with DC measurement on €@sing. In fact, the electrical
measurements input are insufficient when one aomsntlerstand the electrodes role. Many
approaches can be used. In situ DRIFT analysispevweerful method to study the adsorbed
species at the surface of the sensing elementharsdtd understand the implication of the
electrodes on the CO sensing mechanisms. Infrgredtr®scopic technique is a standard
method for analysis adsorbed species and surfametioms. The common transmission
infrared spectroscopy is not applicable for gasssen because of the opaque substrates
(Al20s...). The first spectroscopic investigations on semnsmder operating conditions were
conducted only recently by Benitez and Pohle [1IZZX]. In case of Benitez studies, DRIFT
analysis of the reversibility of CdGeON sensorsams oxygen exposure was performed.
Their interest was directed more towards the budltemial changes as a result of ©action.
Pohle et al. studied adsorption of water vapour @najen on different metal oxides (£&x»
[122], WG, AIVO,, and Cg0O4 [123)) thick film gas sensors in various operataapditions
using IRES (Infrared Emission Spectroscopy). Amoaoipers, they found from the
spectroscopic and electrical measurements a cborelaetween water adsorption and the
evolution of the surface hydroxyl group concentratiand in this way, it was proved that IR
spectroscopy is applicable for the study of surfaactions on sensors. Since Benitez, the
SnG, were intensively explored by this technique [...Juraderstand the sensing mechanism
of gas sensor.

In the second part, a powerful method to analysesthiface reaction in combination with
DRIFT analysis is the Temperature Programmed DésorgTPD). With DRIFT analysis, it
is not possible to observe directly oxygen becathsevibration of the bond between the
surface and the oxygen physisorbed/chimisorbedhdmv wave number close to the limit of
the detection of our system. The role of metal loa ibnosorption of oxygen is ambiguous.
TPD studies of oxygen adsorption-desorption behavad SnQ surfaces have been reported
earlier by several authors [124,125,126,127]. Basedthese studies, it is interesting to
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observe how the metal modifies the adsorption aswightion of oxygen. This part reports the
study of the oxygen adsorption on our powder arel itheraction of oxygen with others
interfering gas. The implication of gold and platim on the chemisorptions is also pointed

out.

75



Investigation of the surface reaction by DRIFT gsisl and TPD

3.2 DRIFT

3.2.1 Theory of Diffuse Reflectance [ 12§

3.2.1.1 The ideal case

The phenomenon of Diffuse Reflectance from matasias$ is observed in everyday life.
It was, for the first time, mathematical describeg Lambert [129]. The intensity of
radiation reflected (re-emitted) from a completeiat surface is everywhere of the same
intensity, independent on angle of observa#biand incident (Figure 3-1). The flux of the
remitted radiatiorl, in areadf and solid angle@lw is a function of the cosine of the angle of

incident and the angle of observation:

d%f _CS

——— =——=C0Sa xcospf = Bcos?
dw M

Where Sis irradiation intensity, B is the radiation ingty of surface brightness, and the

C is a constant smaller than 1.

o

. \‘
light *,

source %, \a/~
4 dv

Figure 3-1 Diagram showing the variables used in the Lambertosine law.
According to Kortiim [130], the model is rigorousiglid only for black body radiator

acting as an ideal diffuse reflector. However, @gai diffuse reflector has never been found
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and numerous experimental investigations suggesthie law is true only when both the

angle of incident and the angle of observationsarall.

3.2.1.2 The real case

In the real case, an incident radiation can be rddesh directly reflected, internally
reflected or finally diffused in all directions @sd-igure 3-2). The light directly reflected
(externally) by the surface, or multi-reflectedthe surface of particles (internally, also
named volume specular reflectance) give rise tocupe reflection. Both specular
components are functions of refractive index andoditivity of the material and
considered being unwanted effects in Diffuse Rédlece Spectroscopy. The later one,
diffusion in all direction, is a consequence oflight penetration into one or more particles
and its diffusion in the sample. The light whictavels though the particles contain
information about the absorption properties of iteterial and, in this way, the measured
spectra is similar to transmission spectra. Thighis component of interest in Diffuse
Reflectance Spectroscopy.

Incident Normal specular
IR light components

.\GY V'h CA/
.. ‘L.AyLQA.

Figure 3-2 : Mechanism of generating the Diffuse Reflected spgum of sensor.

There are two ways in order to diminish externacpar reflectance:
« The first one is to use one of commercial availafjéics: Praying Mantis
(Harrick Scientific Products, Inc.), Collector ($p& Tech) or Selector
(Specac Ltd.) - which minimizes the flux of speculkflectance.
e« The second deals with sample preparation: parsde should be smaller
than the wavelength of the incident radiation. His twork both approaches

have been realized practically: (a) in-situ chamfioersensors measurements

77



Investigation of the surface reaction by DRIFT gsisl and TPD

was built in Praying Mantis Optics (Figure 3-5)) the grain size of SnOvas
in 50 nm range which is several orders of magnitsdealler than the

wavelength in MIR range.

The internal specular reflectance exists at anyeanigobservation and therefore it cannot be
optically separated from diffuse reflection. Butganeral specular reflectance is relatively
small in the material with low absorptivity [131The qualitative analyzes have been of
interest within this work. However, for the sakeomimpleteness a brief description of the
guantitative approach will follow. There are twopapaches in the qualitative treatment of
diffuse reflection: the continuum and discontinutiraories. The former one is expressed in
terms of continuous sample having certain absar@id scattering coefficients, whereas the
last one is expressed in terms of absorption, aidle (re-emission), and transmission of

certain layer of sample.

3.2.1.3 The continuum theory

The theories which describe the diffuse reflectaareein general based on solving of the

radiation transfer equations [132].
-dl =«.p.l.ds (3.1)

It describes the changes of the light intengityf a given wavelength on the path lengghin

a sample whose densitydsndx. is an attenuation coefficient (due to scattering or
absorption). Schuster [133] solved the problemilmp#fying the assumptions of using two
oppositely directed radiation fluxes. The fludirected in the direction of the incident beam
and the fluxJin the opposite direction. Accordingly, Schusterided the following

differential equations:

A k+s)1-83 (3.2)
dr
4 (k+S)J -SI (3.3)
dr

By setting the boundary conditions
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| = lp andt=0
I=l=g2>; J=0 att=1 12

The differential Eq. 3.2 and Eq. 3.3 can be soleegive reflectance at infinite depth:

1- 2
(225) =§=%a 54

The constant termsandSare defined by Schuster as adsorption and scaitedefficient

for single scattering.

However, the most widely accepted and commonly usedel is the one proposed by
Kubelka and Munk [134] where k and S are definedlasorption and scattering coefficient

for densely(thickly) packed sample as whole anderthd following assumptions:

the radiation fluxes (I and J) travel in two oppesdirections (perpendicular to

surface plane);
» the sample is illuminated with monochromatic raidiat(lo);
« all regular (specular) reflection is ignored;
 the particles are randomly distributed throughltyer;

* The particle size is smaller than the wavelengththef incident radiation which
ensures that the scattering coefficient will beependent of wavelength. However,

this is relevant only for non monochromatic light;

The scattering particles are distributed homogeskahiroughout the entire sample.

On their bases Kubelka and Munk developed two furetgal simultaneous differential

equations:
-dl= - (K+S) l.dx — S.J.dx (3.5)
dJ= - (K+S).J.dx - S.l.dx (3.6)

Where K = 2k (k - the absorption coefficient of eral) and S = 2s (s - the scattering
coefficient of material) and dx the deepness. Btirsg several simplifications one

obtains:
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|(r2-2ar +1)™*dr = Sldx (3.7)

Wherea:1+§ andr =|i

~

Eg. 3.7 integrated in the given boundaries:

For x:droo:[lij =Ry,=0 reflectance of the background

=d

For x=0: (Iij =R reflectance of the sample
x=0

The solution can be found

— 2
(L-R.P _k _2a _(In10)ac 38)
2R, S o S
Absorption () and scatterings coefficients per unit path length and c is thecemtration of

absorbance particle in the defined section.

Which is similar to the one first derived by ScharstAccordingly the reflectance which is

measurable is a function of the ration of constafdtand S, and not their absolute values.

3.2.1.4 The discontinuum theory

The discontinuum theory models the sample as aeseof parallel layers with
assumption that radiation moves: in two directidhs,direction of the incident beam and in
the opposite direction (two flux model) or in thrée@ections, forward, backward and
perpendicular to the incident beam (three flux nipdiE35]. In the plane parallel layer
model sample consisting of particles of differertesand compositions is described as a
collection of identical layers, each representatf/¢he sample as whole. Thus it is possible
to assign measurable spectroscopic propertiesetodmposition of complex system. The in-
cident radiation may be absorbed, may be transinftievard into the next layer, or may
change the direction and be re-emitted (diffuse symelcular reflection) into the previous

layer: Ad + Ra + Ta = 1. The absorption/re-emission functién(Rd, Td)based on this model
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will be valid for sample of any thicknessin theory for d where there is no transmission,

the Dahm[112] equations become equivalent to thieekka Munk equations:

A(Rd,Td) = % = A(R. 0) :(1;_25)2 - %K

(3.9)

K and B are the linear absorption and reemissioafficeent. However, the practical
application of this model requires the transmissiod reflection measurements performed on
the same sample on an absolute scale. Althoughmthael fits in principle better to the
sensors geometry (see chapter 2,) it cannot be usegoractice because the reliable

transmission measurements are impossible.

3.2.1.5 Free carriers’ absorption - theory and apptation in sensing

Absorption on free carriers:) is characterized by a monotonic function proposdioto
wavelength(:?). An absorption process for a photon of energyniust involve intravalley
transition of an electron to a higher energy 1¥86,]. Such a transition requires additional
interactions in order to fulfil the conservation thfe momentum. The change in carrier
momentum must be larger than the photon momentaelf iand may be achieved by an
interaction with the lattice (phonons) or scattgron ionized impurities. The dependence of
the absorption coefficierit) on wavelengttii) differs for various kinds of electron scattering
a=A" = AI™® + BA*® +CA%S (3.10)

Where A, B, C are constants.
The solution of the acceleration of free carri@ra isemiconductor by the oscillating electrical
field, within the framework of classical electro@ynics, derives [137] the following
dependence between the absorbance coeffi¢iganhd free carriers concentration (n)

o
e n'Ce, (li W’'r?)

(3.11)

where:gg is permittivity of free spacey - frequency, - relaxation time (factor sensitive to
the temperature and purity in any substance)jght velocity in free space, n’ - real part of
the complex index of refraction.

Limiting the consideration to IR wavelength rangderew 1>>1 Eq. 3.11 can be reduced
g, n'Ae’
a = =
n'Ce,(o'1?) 4me,m** c’nu

(3.12)
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Where:u is the mobility, m* is the effective mass of thedrcarriersjo is the wavelength in
free space, 4+ concentration of the electrons per unit volukecording to the Eq. 3.12 the
absorbance of a material at a given wavelengtirextly related to its electrical

conductivity.

This property was used to determine the type ofdaotion (n or p) in the case of gas
sensors (Sng) n-CuO/BaTiQ) under oxidizing or reducing gases [138, 139].a& gdsorbing

on to the sensors surface modulate the free catemlsity which leads to a variation of the
infrared energy transmitted by nanoparticles. Trandmitted energy plotted versus gas

concentration was directly related to the eleckrieaponse of the real sensor.

The influence of the change of free carrier densigs also studied by means of IR
reflectance spectroscopy [140]. In general, thiecedince (R) is related to absorptivity (see
Eq. 3.12) by the Fresnel equation

_(n+D+«*?

Y (3.13)

Wherex is the index of absorption.

Infrared reflectance spectra of solid oxides depenititally upon the electronic properties
of the material. For non-metallic oxides the refity is: low above the frequency of
phonon modes and high between longitudes optid@) @nd transverse optical (TO) phonon
frequencies (Reststrahlen spectra). The carriemsatallic materials screen out the coupling
between lattice vibrations and external fields. ldger, the screening is not perfect due to
the non-zero screening length, allowing a weakcstime to appear close to the LO phonon
frequency in IR reflectance. The formation of tlaerier free surface layers (depletion layer),
associated with chemisorption influences the iefilareflectance spectra of metallic oxides by

allowing the coupling of IR radiation to phononghim the 'unscreened’ layer.

The influence of the surface depletion layer omardd reflectance spectra of Sh:Sredd
NaxWO3 has been explored using model calculations tmoalayer system and compared
with IR reflectance experimental data [141]. ForSBif) it was shown that with increasing
doping levels (increase conductivity) changes iflectivity at phonon frequency are
superimposed on a background reflectivity that bex stronger and flatter. Other authors
[142] attempt to correlate increases of Sb conaéintr in SnQ@ with four points sheet

resistance measurements with reflectivity in MIRhge. It was shown that the optical
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properties do not fully support the results of thsistance measurements. However, both

studies show the potential of IR reflectance stsidhethis area.

Within this study, the main interest is in diffusaflectance, which, by itself, is not directly
depending on the absorptivity of the material. Hogre as it was discussed above, the
specular components of radiation cannot be fulimielted and therefore it is necessary to

point out how they will influence the diffuse reftance spectra.

The radiation internally reflected is just directatly scrambled (diffuse) specular reflection
and it can be also described by the Fresnel equdim. 3.13). For bands with high
absorptivity the reflectance is high. Only lightathwas not specularly reflected from the
sample can enter the sample and hence be adsoybiedAn increased level of specular
reflectance counteracts the absorption by the sampd as a result, strong absorption peaks

degenerate into spurious doublets (Reststrahleds)dh43].

As it was discussed above the increases of the umbivdy of Sb:SnQ@ increase the
background absorbance. This fact has to be takinconsideration when discussing the
changes of the conductivity and optical propertiegn dioxide base sensors upon exposure
to reducing/oxidising gases. In the relatively higsistance range (>®) this effect can be
neglected. But for the sensors with relatively Idaseline resistance (& the strong
changes of baseline reflectance mask the absorptods and the total reflectance become
uninterpretable

3.2.2 DRIFT on sensor- set up and measurement proto  col

The quantitative theories of diffuse reflectanceuase either 100% reflecting reference
material or the layer of infinite depth (continudheory) or require the transmission and
reflection measurements performed on the same saompén absolute scale (discontinuum

theory). In practice, none of them is applicablseasors.

The IR penetration depth is larger than the thisknef the layer, which makes that the
absolute diffuse reflectance spectrum (single ceBnoontains information from the SpO

layer and the alumina substrate. The optical ptomerof the Sn@ based sensors (as a
whole) change with the temperature. Therefore ilerto separate changes at the 5nO

surface, the reference other than the usual alesoh# (i.e. mirror, KBr) has to be used.

Within this work, the differential (relative) ap@oh with the reference spectra recorded

directly before gas exposure, also on sensorgpbeal. The determined absorbance will be
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named the apparent absorbance in order to disthgbetween the absolute absorbance
measured in transmission mode and relative absocebameasured in diffuse reflectance
mode. In the same way, the single channel speet@arded directly before gas exposure is
used as a reference for the transformation to thieekka and Munk units. The as-obtained
KM relative spectra contain only information on sh&face species actively taking part into

the sensing: the ones which appear or changedbeaentration during exposure to gases.

Recently, a similar sampling (referencing) techeiguas applied for obtaining spectra of
unknown samples [144]. There, a relatively IR insctbrasive is used. However, both cases
do not fulfil to the KM prescription of qualitativéiffuse reflection spectroscopy.

3.2.2.1 Setup of the DRIFT and electrical measurement (Tulsiguen)

- Mixing and monitoring of gases

In order to provide the desired gas atmospheres,ngaing systems are used. A
typical gas mixing system consists of PC controfteass flow controllers (MFC) and valves.
The gas mixing(Figure 2-14), system is operatetidiye made software called POSEIDON.
The software via A/D card not only controls theuattgas flow through the mass flow
controllers but it can also (at the same time) ni@dbe resistance of the sensors and other
parameters like humidity or oxygen concentrationr @m is to observe the surface, mainly
in dry air. To do that, the control of the humidigvel is crucial. In order to keep the
humidity background constant while mixing carriaddarget gases a humidity trap was used.
It was built out of a folded stainless steel pipenf long) placed in a stainless steel dewar
partly filled with liquid nitrogen. The pipe wasaed down by vapour of liquid nitrogen and
not directly liquid nitrogen itself, in order toekeze only water and prevent the condensation
of oxygen. The trap allows keeping the humidityelesonstant at 3 ppm = 1 ppm. To control
such level of humidity, a dew point (DS 100 Alphaisture System) meter was used. The
measured humidity is displayed on the instrumedicator in Celsius degree (°C) and is

recorded as output current
Dew point meter Humidity was measured by using a dew point mete® MO0 Alpha

Moisture System) based on capacitance changes meeasnts. The sensor is a variable

capacitor, which capacitance is directly affectgdchanges of partial pressure of water
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vapor and that are proportional to the dew/froshptemperature. The measured humidity
is displayed on the instrument indicator in Celsiiggiree (~C) and is recorded as output

current.
Dp (°C) =-105.12399+6.26044*1000* |

| is the output current from the dew point meter.
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DP,°C | ppmy A" !
-150 9.2B-12 57 30329 ==
-140 3957 =50 38,961 200004
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70 2,543 4 8025 > 209
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-66 4,583 8 10585,53 T=MLE E
64 6,099 10 12117,1 S
-62 8,072 12 13839,47 £ 104 7
60 10,626 14 15773,68
=58 13,916 16 17940,79 59
56 18,132 18 20365,79 : ‘
54 23,513 20 23072,37 0 L i . i

-75 -70 -65 -60 -55 -50

DP, °C

Figure 3-3 : Correspondence Table for the dew poirgensor

FTIR Spectrometer. Figure 3-4 shows the complete experimental sethap ltas been
used to simultaneously perform Diffuse Reflectankcdrared Fourier Transformed
Spectroscopy (Bruker 66v FTIR spectrometer) anttase measurements. For measuring
resistances digital multimeters (Keithley DMM 1902800) are used. In the case of highly
resistive sensors (>200 MW) an digital electromédtézithley EMM 617) is needed. The
multimeter measures the voltage drop over a refereasistance and sensor resistance and
based on the voltages ratio, the sensor resisiambetermined. An electrometer is a highly
sensitive electronic voltmeter which input impedamcso high that the current flowing into it
can be practically considered to be zero. Additigneo the instrumentation used in the
characterisation of sensors performance the systeaquipped with the Bruker 66v FTIR
spectrometer. The diffuse reflectance is collest&tt the Praying Mantis (fig. 3-5) optics
(Harrick Scientific Products, Inc.). The measuretngmamber (fig. 3-6) is equipped with:
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two NaCl mirrors (which allows the access and afteds the collection (already diffusely
reflected) IR radiation); the sensor holder witbldctrical outputs (for supplying voltage on
the Pt heater and the read out the sensor res3tdrtee chamber is placed on X, y, z position
stage and the whole is built in the optical unitodnd the Drift cell where the sample is
positioned, the vacuum is done in order to prewamnt interaction with the surrounding

atmosphere of the cell.

FTIR SPECTROMETER
IFS 66v ==&

OXYGEN
Y ANALYSER

Figure 3-5 : (left) DRIFT-unit “Praying Mantis” wit h sensor chamber. Two ellipsoidal mirrors collect
diffuse reflection. These two ellipsoidal mirrors @& positioned on the principle of “off axis” which
minimizes direct reflection. (right) Sensor chamber

86



Investigation of the surface reaction by DRIFT gsisl and TPD

To avoid misunderstanding, the single channelpgesented. The reason for this is the
difficulty to find a common reference like KBr. Fargood comparison, we have to know the

characteristic of the spectra in dry air of oufafiént sample.

3.2.2.2 DRIFT on powders (St Etienne)

The spectrometer at St EtienneDRIFTS spectra were recorded with a Fourier
transform Nicolet 510P spectrometer with a DTGS®dketr operated at 4-chesolution. The
spectrometer was equipped with commercial diffediectance optics (Spectra-Tech 0030-
103). 1024 scans were accumulated in each runti@peere presented in the Absorbance

mode

The DRIFTS Chamber. Our DRIFTS chamber (Figure 3-6) is equipped witlgtHi
Temperature/High Pressure Chamber (HPHMOpel 0030-103, provided by Spectra-Tech.
The powder is placed in the cup of the HPHCTC. facec spacer (T) places the sample (S)
at the focal point of the diffuse reflectance asoeg Two pieces of sealed ceramic
feedthroughs (E) are employed to establish theretatconnections with the power supply.
Pair of VI6-in. stainless steel tubes (I and Opvailable for gas supply. The dome of the
DRIFTS chamber is equipped with a pair of 13-rar8-snm circular KBr windows (W).
Before the DRIFTS analysis, the sample was kepewuad overnight at 500°C in order to
desorb atmospheric impurities and impurities frow $erigraphic deposition.. The sensor was
then heated up to the working temperature. Indhge, it was not possible to put the vaccum

around the cell. An constant pure nitrogen atmosphwere maintained
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W: Kbr windows

T: thermocouple

I: gas inlet

O: gas outlet

E: electrical connection

C: sample cup

S: sample {powder)

R: ceramic spacer

Figure 3-6 : Description of the DRIFT chamber for pwder analysis

The gas mixing systemA similar device as the use previously was utdize this
case, it was not possible to check the level ofilitlynbut we assume that the level is inferior

to 10 ppm (air bottle specification)

3.2.3 Band Analysis

The bands in the IR spectra can be fitted by Lar&eauss or Voigts functions. The
latter one consist of a Gauss and Lorenz part atidel most suitable function for the bands
obtained in an IR spectrum, since the curve formthed IR bands are influenced by
homogeneous and heterogeneous band broadening. gdopmus broadening (broadening
through the Experimental Section impulse) corredptin a Lorenz profile, heterogeneous
broadening corresponds to a Gauss profile.

In this work, the best results were obtained byhyapg Lorenz and Voigt functions. For most
of the bands, a Lorenz function was used.

For the curve fitting, a small spectral range waleced and on this spectral range a baseline
correction was performed. Through the baselineection, the wings of the Lorenz curve are
cut. The error is calculated and can be found enliterature. The error is between 10 and

20%. In this work the error bars are calculatedifafra

3.2.4 Specific bibliographies on adsorbed speciesf  rom CO gas.

3.2.4.1 Description of the CO reaction pathways
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The person who reads this section has to have &oowledge about the CO reaction
pathways in addition of the bibliography offer ihapter 1.0ne generally agrees that the
ionosorbed oxygen species are CO reaction paraaisfinal gaseous reaction product is
CQO,. Different carbonates and carboxylates which afeenoleave out are reaction
intermediates. There are different reaction medmsileading to such conversion and
depending on the temperature. The general reacsiome denoted as follow:

NCO+5-O" > nCO, + 6 + Pe”
o represents absorption sites (various possibls)site

When oxygen is adsorbed on Snéased sensor, the oxygen ionosorption will be éatrand
one electron becomes localized. The form of thetiea species has to be considered as
dependant on the temperature (chapterl, oxygern@asy. In our range of studies 200°C-

400°C, we can consider the form of reactive oxygerording to the following schema:

O-Z(ads)‘> O TO" Oxygen species

I
RT 150C 550C '™

This schematic is also based on TPD measuremeattligesection 3.3.2) and helps us to
know the major species at the surface of Snl}, represents the maximum temperature
desorption of the species. The maximum desorptorOf” is 150°C which not means that
above this temperature this species doesn’t elxigt,it just means that this one is not the
major species above 150°C.

The change of the baseline resistance in any, $a€ed sensor in dry air as a function of the
temperature can be related to different oxygenispdormed at the surface of the SnSo,

in presence of CO, the oxygen species influencefievays.

The CO conversion in CQOs not a direct reaction and some intermediatesbeaformed at
the surface of SO These species are even not mentioned becausartheyly stable at the
surface of the material and people are usuallyrebgdeeducts and products of the system. In
our case which is the study of the surface of Stii@se “intermediate” species are crucial the

CO sensing.
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On Figure 3-7, a sketch of CO reaction pathwayimmarized. It describes the formation of
the main species observed during the reaction ofn@f the surface oxygen species. In the
following, possible reaction mechanisms are esthbll on the basis of the correlations
described in our own experiments and in the litem{145]. Cartoon presentations are given
for a better description of the possible reacti@chanisms. The first aim was not to study the
CO mechanism at the SpGurface but to understand how the presence ofntbtal
electrodes can altered the surface reaction.

The sketch in Figure 3-7 demonstrates that theymtoof CO reacting with the surface
is always CQ It is assumed that GQwvhich will be observed by DRIFT analysis will be
localized in the pore of the Sa@natrix. In fact, it was shown that the distancédeen the
two branches of CObands can change in function of the support. ¥ whserving [146]
compared to the free GQgas phase), the Gpresent in the pores presented a shorter
distance between the branches. One can imagin¢hhadtation of the molecules is hindered
like in viscous mediaMoreover, the amount generated at the surfaceeo6tiQQ is too low
in such small chamber.

The starting point of this sketch is CO which teawith “O “. For simplicity on the
sketch, only “Ois considered to be formed at the surface of .SdGring the oxygen
ionosorption which is not valid. More details wile brought during the explanation of each

species in the following.
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Figure 3-7 : Schematic of CO possible pathways on the surfacétin dioxide

3.2.4.2 Formation of the main intermediates

« Formation of the carboxylate (CG)):

The first intermediate species easy to form iscr®oxylate. As regards to the oxygen
species considered, two possibilities are offecefibtm the carboxylate (CQ with reactions
with O (1) or G’(2) It desorbs to C@in final by the equation (3). Only in the lasts(eq. 3),
an electron is released to the bulk, which causasge of the conductivity.

CO+ 0O« COy

2CO0+Q - 2CO

CO; - CO+ 1e

1)

@)

3)

Reaction (1) and (3) pathways are presented inr&ige8. First, CO reacts with O-

and form the carboxylate which is not stable atdhdace. An electron is released to form
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CQO,. Reaction with @ (reaction (2) ), at least two molecules of CO ra@eded with one ©
to create two carboxylates. The carboxylate spasiemasiest to create but is relatively not
stable at the surface because of the weakest tiotihe between the molecule and the surface.

It desorbs rapidly C@and release one electron.

intermediate ﬁ
co product O

3) uOl

...Sn-0-Sn-0-Sn-0-Sn-0...

(a) Two steps reactions (b) one step reaction

Figure 3-8 : Cartoon of the formation of CO,

In IR, the domain of vibration depends on the cowtion of the molecules at the surface of
the tin dioxide surface. Table 3-1 shows the fregies depending on the structure of the

molecules at the surface.

Table 3-1 : Structure of differently bound carbonat carboxylate species and their characteristic
frequencies in the IR spectra

Structure Observed frequencies [em™]
C .
: o,_._.f-' _%{C} 1520-1560 (vas)
Y 1300 {v.)
M
s c Bt
- a” 0 1630-1560 (v,.)
o 1420-1350 (v.)

« Formation of the free carbonate(CQ%):
Another possible intermediate species issS€&dhree reactions can give the free

carbonate:
CO+0 - COy
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CO; + O« COs” (4)

CO + 20 CO~ (5)

CO+ O + 16 CO& (6)

This species can result from gGtself which reacts a second time with “&cording to
reaction (4) and shown in Figure 3-9. It is possiiol make a distinction between reaction (4)
and (5) where for the reaction (5) CO reacts dyeeith 20 without the formation of the
carboxylate. Reaction (6) is also theoreticallygole but, in this case, a second electron
should be extract from the material. Reaction @& to the need of a second electron is not
favoured, the electron is mainly localized on oxygpecies and to catch another one, the
required energy would be important. Furthermorehseaction will have a bad influence on
the sensor by reducing the sensor signal. It isnasd that this reaction can be neglected.

One can imagine a possible reaction with.Fr this, we have to consider that CO

reacts with & and in the same time with_Q@attice oxygen).
CO+0 +Q > CO”

In this case, C do not give vibrations of free carbonate as oxyigelinked to the
lattice but the vibration of monodentate carbora@®’. It is not possible to obtained free
carbonate with ©.

The reaction with a second CO molecule should Ibsidered to be the easiest
way to give the final C@product.

CO> +CO o 2CO + 26 (7)

It assumes that the stability of the free carborsatet too much important and the free

carbonate can react itself as follow:
d-
CO% o CO, + Ot+le (8)
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1/202 +2e-+5s

Figure 3-9 : Formation of CO,*

» Formation of the monodentate carbonate (CQ):
In this work, CQ ions can be also identified as intermediate prtsd€Q can react
on a specific site on Sp@and give one of the most stable intermediate atstirface; the
stability is due to the delocalization of the etent the cloud of electron is deformed and

stabilizes this entity. The formation could be:

CO, + 0O « COs(9)

Another possibility to form C@is the possibility to free carbonate €Qo lose one electron

and move to a free site at the surface of the,SnO

CO+Q o COreq)
CO32-(free) > CO3_(surface)"' le-

CO can react with ©to give CQ' free at the surface of the Spé@nd then this species has to
found a place to be stable, rather while it becdimectly CGQ

The desorption process is as follow:
CO; » CO+1le + O

A cartoon presentation is given in Figure 3-10. &xpents made with CQOas educts give

mainly this intermediate species.

94



Investigation of the surface reaction by DRIFT gsisl and TPD

CO, J

Figure 3-10 Formation of the monodentate carbonate
» Formation of the bidentate(chelate and brigde):

It is assumed that the formation of the bidentatelate and brigde) is only possible in
the pathway of the formation of the monodentateher free carbonate. These species are
more stable at lower temperature and should naebhsidered at elevated temperature. There
are mainly coming from a recombination of £0r CQ for the chelate bidentate. For the

bridge a direct reaction of CO wit 2€an be also possible.

MWonodentate
carbonate

CO,
] »
o : o
2 'd « I
/N /N
o o 0
PO PP — N
M- —pM= —M=
1 1
Bridge Chelate
bidentate bidentate
» .‘d
" ¥
CO.*
3

Free
carbonate

Figure 3-11 : Schematic of the formation of the bidntate chelate and bridge resulting from a
rearrangement of CO,” and CO;*
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3.2.5 RESULTS

The aim of this work is to follow the changes of froperties of Sn{sensors surface
induced by the change of the electrodes material APt). How the electrodes can handle
the modification of sensitivity towards CO and thedification of the reaction mechanisms?
Electrical DC measurements conducted in parallethi® DRIFT measurements will be

presented in this section.

3.2.5.1 Remind of DC measurement with CO on Sn@based sensors
with different electrodes (Au and Pt). Position othe problem.

In Figure 3-12, the time dependence of the Sb&sed sensors resistance provided with
two different nature of electrodes (Au or Pt), glddn the DRIFT measurement cell and
heated at 350°C, is shown; three CO pulses weredp0, 100 and 250ppm).

The differences associated to the different natfisdectrodes can be summarized as follows:
1. The baseline resistance is higher for platindNIQ) than gold ( 1M2);
2. The sensor with platinum electrodes presentsenigensor signals toward CO;
3. The shape of the response indicates differemticis

10 —@— Sensor Au3 350C
100M 5 - - ®-- Sensor Au2 .
3 T,,=350C, dry air -@ - Sensor Aul Dry air
1 o 8 —1-m-- Sensor Pt1
] _ -m-- Sensor pt2
_ [ ----- Sensor Pt3
S 10MmA 5 6
- E o
] b 2] ,/.
E 1 5 = oty
g ] e Pt .-
g ] S 4 =
o % -;l -
Mg AL e < .‘V/
I e Au
50ppm 100ppm 250ppm 2 - @ )
-4 L L L L
100k T T T 50 100 150 200 250
2 4 6 8 10
Time [h] CO concentration [ppm]

Figure 3-12 : Resistance and sensor signal dependeron the CO concentration in dry air at 350°C
sensors working temperature. Sensor provided with [atinum (Pt) electrodes and gold electrodes (Au)

At 350°C, the performance and in particular thessesignals are the most significant
in term of the influence of the nature of the eledés. Figure 3-12 (On the right), the sensor
signal for 3 sensors provided with Pt electroded arother ones with gold electrodes are
shown. At this temperature, statistically the plain presents the higher response to CO in
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dry air. The role of the electrodes on the perfaroeaof the sensor is difficult to explain
looking only the DC measurement

Along the operating temperature of our sensorsaa@0- 400°C, the same outcome
is found. DC sensing performance is presented gurei 3-13. According to the results, the
most marked difference between the sensors prowidiédAu and Pt electrodes is observed
for both baseline resistance and sensor signahgMbe working temperature, the baseline of
the platinum sensor is always higher than thathef gold one. It is nearly 1 order of
magnitude at temperature superior than 200°C. Af@0for both sensors, the resistances are
similar. For all working temperatures, the sensgna is higher for platinum than for gold.
Besides that, at this temperature, both the etettand spectroscopic results were quite stable
and reproducible.

—O—Sn02 + Pt electrodes | —0—SnO2 + Pt electrodes
.- Sn0O2 + Au electrodes -0-- Sn0O2 +IZI Au electrodes
100M 3
c — 10
Q @©
©10M =4
g 0
0 1M 5
7 ?
& @ o 5
A
W00k g, 0, 9 1
200 250 300 350 400
200 250 300 350 400
Temperature, T Temperature, C

Figure 3-13: Resistance and sensor signal dependeran the 300 ppm CO concentration in dry air for
different working temperature. Sensor provided withplatinum (Pt) electrodes and gold electrodes (Au)

This behaviour matches with other studies [147]whie authors found also better
performances using Pt electrodes. The interpretaifathe electrical data is complicated by
the fact that the adsorption of both reaction magnoxygen ions and CO, depends on the
temperatures. The reason for such behaviour o$é¢hsors is investigated by simultaneously
performed electrical measurement and DRIFT spemtpys and will be presented in the
following section.

NB: The dependence of resistance and sensor signahgretature is not exactly similar to
the one observed in previous test (cf Figure 2pBR): the presence of a maximum is not
always observed. The main hypothesis to explai sliiference is the presence of residual

water, depending on various experiments
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3.2.5.2 CO sensing-Impact on the sample’ surface

To characterize the impact of the nature of theteddes during the CO sensing 4 types of

sensors have been used; the preparation of eaglesasas explained in the chapter 2:

a. Conventional Sn®sensors: with 2 different natures of electrodesPPtiand without

any electrodes

b. Powders: Pure Snand Mixed Sn@+ metal particles (Au or Pt)

c. Mixed sensors: mixed Sn® metal particles (Au or Pt) as the sensitive layer

alumina substrate provided with heater but wheeeethctrodes were removed.

d. Mixed sensor with platinum electrodes: same senmardut with platinum electrodes

3.2.5.2.1 Conventional Sn{based sensors
3.25.2.1.1 Important ranges of DRIFT

Before any descriptions of the results, it is impot to define some important range
of DRIFT spectra which will be studied in this workigure 3-14 shows a typical DRIFT
spectra in single channel (raw data), in the IRdieidange between 900 and 4000 'cfar
the sensor with platinum electrodes and pure,&®0a sensitive layer. Here, two spectra in
single channel are shown in fig3-13(a): one in @ryand the other one where 250 ppm CO
was introduced in dry air. To analyse the dataesessary to convert them in Absorbance

(fig. 3-13(b)) because it is easier to identify thedification due to the presence of the gas.

0.04

SnC +Ft electrodes (a)

Single channel

—Air
under 250ppm CO
L] I L] I L] I L]

4000 2000 2000 1000 4000 3500 3000 2500 2000 1500 1000

wave number [cm’'] wave number {cm1)

Figure 3-14 : lllustration of the conversion of thesingle channel spectra (raw data) into the absorlvece
spectra
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In the range of the study, three main regions Hieeted by the presence of CO:

= 4000 to 3000 cifx is the OH region where the vibration of surface Group and
water stretching vibration can be identified.

= 2500 to 2000 cift corresponds to the position of the band of,@ad CO.

= 1800 to 900cnrt: Several adsorption bands could be present. Tiheses are assigned
to surface carbonate and carboxylate species, dafmn mode hydroxyl group and
metal-oxygen. This is the region of all bands cgponding to the different

intermediates of “C@reaction” between surface oxygen species and CO.

Limitation and important remark:

Due to the set up of our system, the oxygen stsidypt possible. In other word, follow
the metal-oxygen bond during the gas exposureg\itdution and possible shift are not
feasible.

An important remark has to be mentioned. In thislgt the carboxylate and carbonate
will be mainly study to understand the effect of #ectrodes on the surface species. In
this region, it is important to note that in ourseano newbands appear during the CO
exposure. Only a variation of the intensity (ineeaor decrease) of bands already
presented in air is observed. Due to the preseh€®pin atmosphere, the carbonate and
carboxylate species can be formed during the fatioic process of the sensors or during
the time past in atmosphere. Davydov [148] shows whith a CQ exposure on Snthe
same intermediates species observed with a CO esgoan be present. In this study, the
creation of new band in single channel (which meae# species) has never been

observed.

3.2.5.2.1.2 Sn@conventional sensor: DRIFT analysis of devices witAu and Pt or without
electrodes under air

Figure 3-15 shows the single channel of pure SiuD gold, platinum and without
electrodes in dry air at 200°C. Several adsorpbands can be seen in the spectra range
between 4000-3000 chand 1800-900 cih The entire study is a comparison of the different
samples used. Here, we illustrate that in singlanokl, in dry air and without any gas
exposure, the surface of sensor is different frara type of sensor to another. The sensors

with gold, platinum and no electrodes present ssiméarities.
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Figure 3-15 : Single channel spectra for pure Sngfor gold, platinum and without electrodes recordedat
200°C in the full spectre range (4000-850cH)

The general shape of single channels spectra is sremilar for the three samples.

Nevertheless, some difference appears:

The general absorbance is higher for the gol@ tyhereas for the others they are

nearly the same. This effect could be explainedhieyphenomena of the free carrier

charge already mentioned; As mentioned before,inflaence of the free carrier

charge depend on the resistance of the sensorgdlderesistance is lower so the

effect of the free charge carrier can be more irt@mdr

In the region of the intermediate species (1800e&i) the level of pseudo

absorbance in single channel (SC) is different. Wém't have any convenient

explanations.
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A small band is present at 2345 troorresponding to CQ resulting from trace of
COyin the air flow.

Three bands are easily identified at 2960, 2922 2850 crit corresponding to C-H
vibration. In fact, in the past, an oil pump wagdigor the vacuum around the cell.
Some traces are still present. However, the levalways constant.

The main difference between the three samples appethe range of 4000-3000 tcm
! If we make a zoom, Figure 3-15, at high wave nem(#000-3000 cif) different
characteristic bands are present. Bands at 37122, 3847 crit are assigned to
terminal hydroxyl groups and bands at 3522, 3479 ame assigned to rooted OH
groups. The band at 3712 ¢nappears only for sensor provided by electrodes.
Between 3400 and 3000 &mveak broad is present corresponding to molecutemw
H.O

= Effect of the temperature on OH/HO species

In order to determine the influence of the tempemsmbn the surface species in dry air,

heating was applied between 200°C and 400°C onecdional Sn@sensor provided with

electrodes (Au or Pt).

Figure 3-16 shows the single channel spectra redoed different temperatures in dry

synthetic air. With increasing temperature a dracaly change of the spectra is observed

over the complete spectral range. Looking oveltake spectral range, general changes in the

band structure and intensities are observabledtr fensors.

Single channel

Single channel for the Pt sensor in function of the temperature Single channel for the Au sensor in function of the temperature

Air ——200C 0.05 Air ——200T
0,05 1 300C 1051 ——300C
350C 350C
0,044 ——400C 0,04 ——400T

0,034 0,03

0,02 4 0,02

Single Channel

0,01 4 0,01+

0,004 0,00

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

wave number [cm™] wave number[cm-1]

Figure 3-16 : Single channels IR spectra at differg temperatures for Pt electrodes and Au electrodes
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The main changes are seen in the region betwee®3@WcnT. The main affected
OH bands are the rooted OH group at 3522, 3479, ¢hey disappear with the rise of the
temperatures. Figure 3-17, focuses on the OH regimmh compares the influence of the
temperature on the visible OH bands between galdptatinum. They are nearly similar with
the temperature even if at 350°C the sensors wétinpm shown more bands (3710, 3666,
3614 cnt) whereas only one band is observed with the goB548 cnf-
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300C Pt Air 350C Pt
——300C Au “—— 350C Au

3712

3666
3648
3612
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3712
3663
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Figure 3-17 : OH/H,0O spectral range recorded at different temperaturdan single channels spectra for Pt

electrodes (black) and Au electrodes (red) Srg3ensors.

= Conclusion of results under air
Results obtained with the three conventional sensordry air as a function of the
temperature give us the following information:

» First, no significant difference has been obsergedne sample to another in
the region of intermediate species (carbonate anblogylate). It is assumed
that region is the same for all the type of conwveral sensor in dry air.

* The terminal OH groups, in a certain extent, affedint between each sensor
at low temperature. With the increase of the teapee, the difference
disappears. This result could explain the diffeeepbserved in the baseline

resistance where platinum exhibit a higher restgarhAlong the range of

102



Investigation of the surface reaction by DRIFT gsisl and TPD

temperature, the OH group are more stable at thmkacsu of the sensor

provided with platinum electrodes.

3.2.5.2.1.3 Interaction of CO on the surface of ceentional sensors.

« Global analysis of total spectra 4000-1000cm

0.04

Sn0O2, no electrodes 1534

Sn0O2, Au electrodes | 1314

Sn0O2, Pt electrodes |
0.02 —
0.00 —

0.01 app. abs.
1 l 1 l 1
4000 3000 2000

wave number, cm™

Figure 3-18 : The whole DRIFT spectra of the tin dixide sensors after exposure during 30min, at 3507C
to 250 ppm CO in dry air with different types of ekbctrodes (Au,-Pt, -No electrodes).The spectrum
recorded before CO exposure was used as a refererfoe each type of sensors.

The DC measurement was described in Figure 3-1358%C, the effect was found to
be meaningful. This temperature will be considered for all the tyg of samples the
temperature of the study DRIFT spectra in absorbance were recorded irs#imee time of
electrical measurement. The results for the typgeosors (Au and Pt electrodes and without
electrodes) are shown in the Figure 3-18. Spetdatures are different depending on the

electrode nature used:

. Formation of CQ® (band at 2343 cil) is observed for each sensor.
In the Figure 3-19. The peak area of the,®@nds is shown in function of the CO
concentration for gold and platinum. The CO conegersseems to be slightly
higher with gold. No enough concentration was duwith the sample without

electrodes to compare with the others.
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CO,Peak Area

L L L
50 100 150 200 250

CO concentration (ppm)

Figure 3-19 : Change of the area of the C£band as a function of CO concentration

« General overview of the spectra in Figure 3-18aaths that OH bands are less
affected with gold electrodes devices. On the e@ptintermediates species
between 1800 and 900 &nare more present on such devices. Details analysis

is exposed hereatfter.

* For SnQ sensor with Pt electrodes and without electrodeshe OH-group
region, the positive band at 3666¢nand 3644crii prove the increase of
isolated group. Negative bands at 3611dms been observed and corresponds

to the decrease of isolated OH.

* OH region analysis during the CO exposure for Adi Bhelectrodes.

OH region (4000-3000cm-1) is affected during the €@osure and as a function of the

working temperature.
In order to have a clear understanding, the stlidyi® region is developed in this section.
Figure 3-20 shows the spectra in the range of 4B@03000 cni for the conventional sensor

provided by gold or platinum electrodes.
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T,,=200C, 250ppm CO, dry air T,,= 300C,250ppm CO in dry air
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Figure 3-20 : Spectra in absorbance between 40008000 cn of the pt and au electrodes sensors
exposed to 250ppm of CO at 2different temperature#\s a reference spectrum in air directly before CO

exposure has been used.

At low temperature, (200°C): for both sensors, Itlaeds at 3666, 3514 and
3480 cni* decrease which means isolated OH-group (the tst) fand rooted

group are eliminated or consumed.

At intermediate temperature elevated (300°C-350ft&):OH bands at 3666
and 3644 cnl increase whereas the bands at 3614 decreases. This increase
of the OH groups is observed for both sensors (#lRt electrodes) even if at
350°C for the gold the bands are not very intense.

At temperature above 400°C: no band appears oppukseas; OH groups are

not modified in this range of temperature.
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Amount of absorbed species dependending on theales nature

Carbonate and carboxylate species analysis:

Absorbance Unit

Figure 3-21 : Low wave number analysis DRIFT spect of SnQ, sensors recorded at 350°Qnder
250 ppm of CO. on top: (a) sensor without any eleaides, at the bottom (b) sensor with platinum
electrodes (c) sensor with gold electrodes. The gppim recorded before CO exposure was used as a

It is assumed that the amount of intermediate sgedecrease with the increase of the
temperature. In fact, the stability of the intermagel species is function of the kinetic of the
CO conversion which depends also of the operatngperature. On Figure 3-21, for pure
SnG sensors without any electrodes, no intermediateiepas observed. On the platinum
electrodes devices some weak bands is observed5@2, 11330crit and 1439cni
corresponding to the carboxylate and the monodemt@toonate. The intensity of this bands
suggest that the amount of intermediate at theaserdf this sample is low and should be

consider as traces. On gold electrodes devicesinteesive bands at 1534 and 1314"cm
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attest a large amount of carboxylate present osuhace.
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« Kinetic of intermediates species (range 1800-90Hatuiring CO exposure

DRIFT spectra at 300°C in absorbance during 2506 @rexposure in dry air and link
to DC measurement are shown in Figure 3-22 for galilplatinum electrodes.
In DC measurement, it is shown that:
» Baseline resistance is higher for Platinum thauwl gol
* Sensor signal is higher for Platinum than gold
* The response time (95%)is quite similar aroundhtimeute
* The recovery time is shorter for Platinum electsde
In correlation with the resistance, a special aiv@rhas to be taken to the formation of
the intermediate species at low waves number (18@D0cnt). The absorbance spectra at

300°C is shown because the formation of band ishasiped and phenomena easy to follow.

With gold electrodes during Figure 3-22 (a):
* The presence of C{s observed immediately in the first spectra (19mband
at 2345 crit.
« Formation of bands at 15439 and 1324*coorresponding to the carboxylate
are the first intermediate created on the surfaéen(n).
* With the time (30 min), the formation of the carlglate is in equilibrium
« During this time, a new band at 1449 troorresponding to the carbonate
which was not clearly present before on the spedti®dmin is present.
when CO exposure is stopped, Figure 3-22 (b)::
e Trace of CQis still visible after 15min but disappear after.
« Bands corresponding to caboxylate (1549-132%cdisappear quickly and are
not detectable after 15 min.
« The band at 1449 ci(monodentate carbonate) takes time to disappeter A
2 hours, it is possible to identify it.

With platinum electrodes during the CO exposuraifg@-19 (a):
* The presence of G{s observed immediately in the first spectra (13min
* The intensity of the bands is quite weak is congoari with the sensor

provided with gold electrodes
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e After 15 min, three bands are identified. They assigned to carboxylate
(1550-1350 cnf) and carbonate (1449 ¢ This means that these species
appear at the same time.

* The intensity of all the bands increases with time.

When CO exposure is stopped Figure 3-22 (b):
» After 15 min, only carbonate are still present,varcs the band still present.

e After 30min, all bands disappear.
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Figure 3-22 : Resistance and DRIFT spectra versugne, measured at 300°C for Au and Pt electrodes
sensors: (a) the spectra under CO. (b) spectra reaed after the CO exposure.
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3.2.5.2.1.4 Humidity effect on CO sensing
It was important for us to complete the studiespglying water in our system. If we

want to talk of real working condition we have &xé account of the humidity.

At 300°C, the response of pure Sn€ensor provided with gold electrodes and
platinum electrodes under CO in 10%RH is showniguife 3-23. The simultaneously DRIFT
spectra experiment are shown in Figure 3-24 fotiRlen and Figure 3-25 for Gold. The
performance for each type of sensors, in humidgyquite closer in term of electrical
response. At 300°C the signaly(R) is higher for Pt (26) than for gold (20) device

100M 0Cc 000 oo Dp 100M 300 T0%RH -20
N o
Sensor Au 109%RH Sensor Pt

""""""""""""""""""""""""""""""" S S \‘—NA 30
= 1omM4 a
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Figure 3-23 : Response of sensors provided with goglectrodes (left) and platinum (right) at 300°C.

DRIFT experiments were also performed in the presef humidity. The results are
presented hereafter.

= With platinum electrodes:

250ppm CO, in 10%Rh at different temperatures
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2P CO pores
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Figure 3-24 : Spectra in absorbance for Pt electrags sensor exposed to CO at different temperature in
10% of humidity. As a reference, spectrum in air diectly before CO exposure has been used.
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Figure 3-24 shows the spectra for different temjpees of the Pt electrodes sensors exposed
to 250 ppm CO in 10% RH. For all operating tempeed, no band has been observed
excepted for the band of G@nd CO. No modification of the OH group has beleseoved in
this condition.

= With gold electrodes:

250ppm CO, in 10%Rh at different temperatures
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Figure 3-25 : Spectra in absorbance for Au electrags sensor exposed of CO at different temperatures i
10% RH. As a reference spectrum in air directly befre CO exposure is used.

Figure 3-25 shows the spectra for different temijpees of the Au electrodes sensors exposed
to 250 ppm CO in 10% RH.

* The intermediate bands are present at elevatecetamope but not at 200°C

* The OH groups are modified during the CO exposure.

* No bands can be assigned at 200°C but when thestatape becomes superior
the bands can clearly be identified. At 300°C,lihad at 1466 cthhas been
observed which proves the formation of monodertatbonate. The band at
1248 cn could be related to the water bending vibratiofi-m®nounced in
this particular experiment. At 350°C the band a86ieti® (broader than
normally) is still present.
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Not enough experiments have been complete, in htyntd conclude on the influence
of the humidity. Nevertheless, these experimentsficn the difference of the surface
reactions on Pt sensors and Au sensors. Like iridryhe sensor with gold electrodes shows

more bands, in humidity, than the platinum one.

3.2.5.2.2 Summary of results with Conventional sers

CO sensing investigated by DRIFT and DC measurerfentsensors provided with two
types of electrodes: Au or Pt.

The higher sensitivity of the sensor provided wRh electrodes is explained by the
different manner in which the conversion of CO t@,Gakes place. The differences are
illustrated by the different role of the reactiorie@rmediates that indicates. In the case of Au
electrodes, the intermediate species block thegehareviously trapped on the,@n the
ionic CG;” and CQ'. On the opposite, for Pt electrodes one cannargbsan increase of the
ionic intermediates, which suggest a very fast eosion from CO to desorbed G@ith the

freeing of the charge
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3.2.5.2.3 Powders
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Figure 3-26 : The whole DRIFT spectra of mixed powder of Sn@metal particles exposed at 350°@ 250 ppm CO in dry air (-
Au particles,-Pt particles, -pure). The spectrum recorded before CO exposure was used a reference for each
type of sensors.

As we are not using a conventional method in DRIEWas important for us to
complete the studies of DRIFT on sensors by somererents performed directly on
powders. Three types of powders were used as bdedan the chapter 2 § 2.1.1: Pure $nO
and mixed Sngeither with gold and platinum particles. For aniestsunderstanding, and due
to fact that the effect is manifest, only the resat 350°C under 250ppm CO are shown in
Figure 3-26:

* The three type of powders exhibit the £@rmation. This formation is

favoured on pure Snipowder.

* In OH region, different results can be pointed @ui.pure powder, this region
is still “insensitive” to the presence of CO. Fobetmixed Pt an increase of the
peak at 3666cthhas been observed, whereas a decrease of OH lygsupeen
observed for the mixed Au powders. Results for taggon are quite similar

the ones observed with sensors.
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» Some difference on carboxylate carbonate is present

Carbonate and carboxylate species analysis.
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Figure 3-27 : Low wave number analysis DRIFT spect of SnQ, sensors recorded at 350°Qnder
250 ppm of CO. on top: (a) pure powder, at the botim (b) sensor with platinum particles and (c) gold
particles. The spectrum recorded before CO exposure&as used as a reference

Figure 3-27 shows the spectra analysis obtainegdaders at 350°C. The amount of
intermediate species for all powders is in the saamge in term of intensity. Numerous
species are present at the surface. The band ohdnedentate carbonate (1439 9nis the
most intensive for all powders. The presence ofam@u or Pt) enhances the formation of
the monodentate carbonate. In addition to the memiade, the formation of free carbonate
and carboxylate (ionic species) are present fosatiples. Free carbonate was not present on
sensors. Here, the morphology could explain then&bion of new species at the surface of
powders. Gold particles inside Spfowder enhance the formations of intermediateispec
With the presence of Pt particles, carboxylate fape carbonate species are formed but they
are not stable, prove is the weak peaks at 15337 I3i* (CO,) 1585 cm(COs%). In
comparison with the conventional sensors, only ghasor provided with gold electrodes

exhibits strong bands for the carboxylate and ttieers only trace was observed for the
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others. The platinum reduces the presence at tiniaceuof the more ionic species

(carboxylate and free carbonate) which are noleatb

3.2.5.2.4 Summary of powder
It is important to note that on powders, besides ititermediates species identified on

sensors, new ones are present like free carboRaemay indicate the fact that the mixtures
between the tin oxide and the metal powders argedéctly mimicking the situation of the
electrode/metal oxide contacts. This fact can Wbated to the different morphology (grain
size, agglomeration, etc) of the metal powders wt@mpared to the thick film electrodes.
One should also note that the concentrations ofrtem(sensor/powders) intermediates are
higher because of the larger samples.

The most important finding, however, is that, sarlil to the sensor situation; the presence of
Pt reduces the amount of intermediate species iedlgdor the ionic ones.
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3.2.5.2.5 Mixed Sensor

The perturbation of the surrounding atmosphere of he DRIFT unit.

Due to a technical problem the mixed sample wardiatl with a new spectrometer where it
was not possible to have the vacuum around the DRilfit (see section 3.2.2.1). So, the
atmosphere around the cell is composed of a flopuoé Nitrogen. Due to this atmosphere,
small amounts of water are present around the @é#lus, Bands of the surface water
stretching mode and bending are present on thededsingle channel spectra. These bands
hide the variation in the OH region. Figure 3-28gtrate typical DRIFT spectra in single

channel in this condition.
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Figure 3-28: Single channel spectra of mixed goladd) SnO, sensor and mixed platinum (black) Sn@
sensor where water around the vibration of the surounding water are present.
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ot
3.2.5.2.5.1 Without electrodes’

Results under 250ppm CO at 350°C.
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Figure 3-29 : The whole DRIFT spectra of mixed power of SnO,.metal particles deposited on Alumina
substrate exposed at 350°@ 250 ppm CO in dry air (-Au particles,-Pt particles, -pure). The spectrum
recorded before CO exposure was used as a refererfoe each type of sensors

The results for the mixed sensors without elecsduig with heater are shown in
Figure 3-29. No bands can be assigned at low war®ar. Only the bands of G@nd CO
are assigned for all sensors. The CO conversiastplace but without any intermediate. For
all, modification in the OH regions has been obsdnfhe increase of the band at 3666,

3640cm' and the decrease at 3611tnompared to the reference without CO are visible.

3.2.5.2.5.2 With platinum electrodes

DC measurements

Figure 3-30 shows the resistance and the senswlda the both types of sensor,
SnG, mixed either gold or with platinum. The mixed p@wavas screen printing on the top of

alumina substrate provide with platinum electroded heater in the backside.
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Figure 3-30 : Resistance and sensor signal dependeron the CO concentration in dry air at 350°C
sensors working temperature. Sensor provided with [atinum (Pt) electrodes and gold electrodes (Au)

As follow, the characteristic are:
» Identical performance is observed for both typesioled SnQ based sensors.
« The baseline resistance for sensor contain Platmixad sensitive layer is
little higher than mixed Gold sensor.

* The sensor signal (RO/R) is nearly the same. Riatidevice is slightly higher
than gold.
Figure 3-31 shows the spectra of the mixed gold amded platinum in absorbance
representation recorded in the same time of thetredal measurement.
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Figure 3-31: The whole DRIFT spectra of mixed powder of Sn@metal particles deposited on Alumina
substrate provided with Pt electrodes exposed at 88C to 250 ppm CO in dry air (-Au particles,-Pt
particles, -pure). The spectrum recorded before CO exposure wassed as a reference for each type of
sensors
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. The band of C@is present for each sensor. In Figure 3-32, ttak @eea of the CO
bands is plotted as a function of CO concentratinlow CO concentration, the
amount of CO in the pores of the layer is the stanéoth types of sensors. At higher
CO concentration, a higher G@oncentration is observed for mixed Pt sensor.
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Figure 3-32: CO, bands area analysis.

. At low wave number, the same shape of the curvebserved for the both type of
sensors; only the band corresponding to the catbas@ecies can be easily assigned.
The spectra of metal mixed sensors provided wigtipphm electrodes is quite similar to
the spectra obtained with pure Sn€ensor provided with Pt electrodes. The effect of
the nature of the electrode is dominant in regardhie influence of metal inside
sensitive layer.

. In the OH group region, the increase of the bar&b&6cnt and 3641cnt is observed.

3.2.5.2.6 Summary of the mixed powder on alumindstrate

With the mixed powders layer on alumina substratth ihe heater and without
electrodes, the idea was to increase the electsmtestive layer contact and enhance the
phenomena.

The experiments reveal that the behaviour of eggl bf sensor (Pure, mixed gold
and mixed platinum) is the same (Figure 3-29.) authelectrodes. At low wave number, no
bands appeared but @0and was present and proved that reaction toalema the surface.
The non-existence of intermediate bands provettigamorphology or/and the specific area of
the sensitive layer are important for the “stapidf the intermediate species” on the surface

of the sensor. The catalytic role played by theainstperhaps more active.
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The same sensitive layer (mixed gold and mixedrmlat) was used and deposited on
alumina substrate provide with platinum electrodesrecorded the resistance. In this
configuration, intermediate species appears atsthitace of sensors. In fact, at low wave
number, the band of the monodentate carbonate epgdee result proves that the electrodes
are important for the presence of intermediate ispe®RIFT spectra of mixed powders
deposited on platinum electrodes is close to théFIDRspectra of pure SnQdeposited on
platinum electrodes. It is interesting to point that electrodes manage the surface species.
The influence of the electrodes is predominanhrble of metal dispersed in Sn@Vhen
platinum electrodes are present, similar resistéiasebeen observed by DC measurement for
both mixed sensors. The species at the surfacalsoethe same, which explain why the

resistance is equivalent.
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3.2.6 DRIFT summary

The experimental spectroscopic studies of thauamite of the electrodes on the CO
sensing provide many useful outcomes that allowaftwetter understanding of the electrical
findings.

By using DC measurements, it was found that thellmes the sensor signal and its
kinetic are affected by the nature of the electsode

In the DRIFT studies, 4 types of samples (conesatl, powders, mixed without
electrodes, mixed with electrodes) have been sdudmed most of our experiments were
performed at 350°C; the reason is this temperdhealifference were the most pronounced.
The results from the DRIFT spectroscopy confirm thgortance of the nature of the
electrodes in gas detection. It was demonstratatttre chemistry of the CO pathways to
form CQ, is modified by the nature of the electrodes/met®dd. In dry air or humid, the
selection of the nature of the metal was shownadified the surface species. The electrodes
share to the gas detection is manifest.

CO reacts with ionosorbed oxygen (literature antbfong TPD experiments) and
forms mainly two kind of intermediate species casbate and free carbonatenére ionic
and non stablg and carbonateléss ionic and more stableon its way to conversion to GO
The higher sensitivity of sensor provided by plabtm electrodes can be explained by an
increase of the CO to GQronversion rate. This is demonstrated by the loarapunt of
intermediate species visible on absorbance spéatrall samples in which platinum was
present as electrodes, due to the capability dinpia to speed up the reaction. The low
sensitivity of the gold electrode sample is du¢hi fact that during the conversion to £0
the intermediates are playing a more important, rtles means that especially the ionic
species like carboxylate and non-coordinated catasApreviously localised on the oxygen
ion- will be allowed to block the charge longer.eTtharge will still be blocked at the surface,
no more as Obut as e.g. CQ Consequently, the sensor effect-change or resista is
blocked even if the reaction between CO andl@ady took place.

The contrast between gold and platinum is alsorebdein the reaction kinetics. For
gold, carboxylate are formed first and, after sdime, the peak of the carbonates appears. On
the opposite, for platinum the bands of carbonatd aarboxylate are simultaneously
appearing. In fact platinum presence helps to elte the carboxylate, so free sites are
becoming available and can be easily occupied &ygénbonates. This effect was even clearer

for powders where the platinum helps to elimina@boxylate and non-coordinated
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carbonates which are more ionic but preserve a bandarbonate which is not ionic. Gold
enhances the formation of the carboxylate and tbe-aoordinated carbonates. The
consequence on the performance of the sensorderdviThe stability of ionic intermediate
species at the surface demonstrated by their higbacentration on sensors with gold
electrodes keeps the charge at the surface. Watimpim the system converts quickly CO into
CO, and desorbs it. So, the charge is released istodhduction bands.

Every time platinum is employed, the amount of acef species is quite low and the
response is high. The background absorption le¥ehe spectrum increases due to the
increase of the free carrier density. This effeahore also important in the case of platinum.

To understand the complete story of the effechefdlectrode another technique has to
be used in order to get more information. The rpatt is devoted to the thermodesorption

experiments
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3.3 Thermodesorption (TPD)
3.3.1 Generalities

There are a range of techniques for studying serfaactions and molecular adsorption
on surfaces which utilise temperature-programmmgliscriminate between processes with
different activation parameters. Among these ottes,most useful for powders studies is
Temperature Programmed Desorption (TPD).

When the technique is applied to a system in whiehadsorption process is, at least in part,
irreversible, and whem-programming leads to surface reactions, thentdabnique is often
known as Temperature Programmed Reaction Specpp$t&@RS)

However, there is no substantive difference betwEBRS and TPD. TPD is a powerful
method to study the species absorption on solickss&hspecies are characterised by their
chemical nature and the binding energy with thedmst material. Ed is the energy required
to break the bond between the species and theceulBy heating the sample, the energy Ed

is supplied. The species are removed from the ceidad analysed by a mass spectrometer.

3.3.1.1 The Desorption Process

An adsorbed species present on a surface at lopet@tures may stay almost indefinitely in
that state. As the temperature of the substratadsorbent) is increased, however, there will
come a point at which the thermal energy of theodml species is such that one of several

things may occur:

1. A molecular species may decompose to yield eghseous products or other surface
species.

2. An atomic adsorbate may react with the substoayeeld a specific surface
compound, or diffuse into the bulk of the underntysolid.

3. The species may desorb from the surface anchretio the gas phase.

The last of these options is the desorption prodeske absence of decomposition, the
desorbing species will generally be the same aeriks originally adsorbed , but this is not

necessarily always the case.
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(An example is found in the adsorption of some latk@tals on metallic substrates exhibiting
a high work function where, at low coverages, tesalbing species is the alkali metal ion as
opposed to the neutral atom. Other examples wowldde certain isomerisation reactions.)

3.3.1.2 Desorption Kinetics

The rate of desorptiofRyes, Of an adsorbate from a surface can be expresdee general
form :

Rges=k N* where X - kinetic order of desorption
k - rate constant for the desorption process
N - surface concentration of adsorbed species

The order of desorption can usually be predictadbge it concerns atementary stepf a
“reaction”. Here are few examples

l. Atomic or Simple Molecular Desorption

A@ds) = Ag)
M@ds) = M)

- Usually is a first order process (xe= 1).

Examples
W/ CUg@ds) - W s+ Cug) ( desorption of Cu atoms from a W surface )
Cu/CQads) - Cu)+ CO ( desorption of CO molecules from a Cu surface)

Il. Recombinative Molecular Desorption

2 A@ds) » Az
- Will usually be a second order process {.e.2).

Examples
Pt/ Ouads) —» Pt + Oz (g ; desorption of O atoms as @om a Pt surface
Ni/H @das) - Nig)+ Hz (g ; desorption of H atoms as ffom a Ni surface

The rate constant for the desorption process maxpeessed in an ArRHenius form,

kges= A exp ( €2/ RT)
Where E.2is the activation energy for desorption ,

A is the pre-exponential factor; this can also hesmered to be the "attempt
frequency"y , to overcome the barrier to desorption.

Then, the following general expression for the cdtdesorption is obtained:
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_Edes
R, :_%I: V.NI.EXP( G'ATJ

In the particular case of simple molecular adsomtthe pre-exponential/frequency factoy (

may also be equated with the frequency of vibratibthe bond between the molecule and
substrate; this is because every time this bosttesched during the course of a vibrational

cycle can be considered as an attempt to breakaihe and hence an attempt of desorption.

The rate of desorption of a surface species willjeneral be given by an expression of the

form:

R..=V.N" exp(R% (1)
Where
Rues- desorption rate (= Midt )
x - Kinetic order of desorption (typically 0pt 2)

E.2®S- activation energy for desorption

In a temperature programmed desorption experimenthich the temperature is increased

linearly with time from some initial temperatufg then:
T=To+B.t and dT =B.dt 2

The intensity of the desorption signal, | (T), ®portional to the rate at which the surface
concentration of adsorbed species is decreasing.iFlobtained by combining (1) and (2) to

give

| (T)oo —

dN _ UN¥ - EX*
- 3)

ex
dT g RT

This problem may also be considered in a ratheplsstic graphical way -the key to this is to
recognise that the expression for the desorptigmasigiven in the above equation is basically
a product of a coverage term (NwhereN depends oif) and an exponential term (involving
bothE; andT ).
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Initially, at low temperature€, >> RT and the exponential term is vanishingly small.
However, as the temperature is increased this bemms to increase very rapidly when the

value ofRT approaches that of the activation enekgy,

exp(-E;~RT)

Signal
Factors

Temp (T)

Figure 3-33: lllustration of the evolution desorpton signal

By contrast, the pre-exponential term is dependpnh the coverag®(T), at the concerned
temperature - this term will remain at the initi@lue until the desorption rate becomes of
significance, as a result of the increasing exptaketerm. Thereatfter, it will decrease ever
more rapidly until the coverage is reduced to zdrbe shaded area is an approximate
representation of the product of these two funaioand hence also an approximate
representation for the desorption signal itself hilst this illustration may be overly
simplistic, it does clearly show why the desorptiprocess gives rise to a well-defined
desorption peak.

3.3.1.3 Case of Molecular adsorption

In this case the desorption kinetics will usuakyflyst order (i.ex = 1)

The maximum desorption signal in the I(T) tracelwlccur when (8 / dTI) = 0,

il:ﬂ exp{_ E:esj:I =0, (4)
dT| B RT

Hence, remembering that the surface coverage chamtetemperature i.& = N(T),
_ pdes _

Eaz-ﬂ.ex Ea |4 Y oy —Ee .d—NZO, (5)

RT® B RT £ RT, ) dT
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We have substituted.Eor E,.2® purely for clarity of presentation and defined tamperature

at which the desorption maximum occurs tolbeT, (thepeak temperatuje

Substituting for &/dT from egn. (5) then gives

R I
g RT? B RT, RT,

The solution is given by setting the expressiosgnare brackets to be equal to zero, i.e.

-E, _v -E,
S =—exX RT =0, (7)
RTIO 4 o

Unfortunately, this equation cannot be re-arrantgedive a simple expression ®f but we

can note that:

« As ES (the activation energy for desorption) increasasn soT, (the peak
temperature) increases.

* The peak temperature is not dependent upon, anseqaaently does not change
with, the initial coveragédy:-o .

* The shape of the peak desorption will tend to bgnasetric, with the signal

decreasing rapidly after the desorption maximum.

3.3.1.4 Experimental method to calculate Ea and

For the first order desorption kinetics (most & ttase), it is possible to determinand Ea

from the shift of the temperaturel from T; and T, when the temperature rgiechange from
B2 andps.

5 Y exp = E,

R 4, | RT, ®)
5 Y exp = E,
RTZ 5, '\ RT, ®)
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Ty By ~Ea[ T~y _

T,= T1+AT, one obtains expression (11)

2
T2 14 20T . A'I'2
T T ) _BggE|_aT
le ﬁl R T2 1+£
1 T )

1

If we consider that :B>>AT, we have the expression of Ea

2
E, = RT, log A, (12)
AT B
Then the value of is derived from equation (8)
BE, —E,
U=——6exXp —

(11)

Hence, by performing two experiments with differéeiating ratg, andp; and measuring

the maximum desorption temperatureahd T, it is possible to calculate Ea and

3.3.2 Experimental set up of TPD

For TPD measurements, both pure $a@d SnQ@ mixed with Au and Pt particles were

used in the form of powder. They were prepared ékpaste for a sensor and annealed at

700°C. Tin dioxide powder used in the experimenss wthe same commercial powder used

for sensors. Adsorption gases, oxygen (99,99%) @0d were supplied by Air Liquide

(France). For the TPD measurements, 30mg of,@der was packed in a quartz chamber.
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Figure 3-34 shows the set up of the TPD experintesath TPD run consisted in the following

process (called “regular process”):

-Sample pre-treatment at 900°C under vacuum taalpahe surface of the powder.

-gas adsorption is done at the required temperdiudering a certain time t.
Example: Q adsorbed at 500°C during 30 min
-The vacuum is done at the temperatureiid immediately the sample is quenched to

the room temperature (RT).
-Finally TPD run is launched at a heating rate @min from room temperature (RT)
to 900°C and the desorption is monitored by a BARBEEQMG 112 quadrupole mass

spectrometer (Figure 3-34)

Device description

Pressure gauges Valves

Data
acquisition
system

Mass
spectrometer

Backing pump

Figure 3-34: set up ofTemperature Programmed Desorption
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lon generation by lon separation according lon detection
electron collision ionization to the m/e ratio in the ion detector
in the ion source in the rod system

lon optics

Q
g‘ ) ’ ’
o I/
Zl// Formation space o X
Filament
{U+Vecosun)
f—o

Figure 3-35 : A schematic of a quadrupole analysesf the mass spectrometer
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3.3.3 Results and discussion

3.3.3.1 Adsorption of oxygen

3.3.3.1.1 On pure SnP

1 RT_O2 100 mbar O, exposure y 0
6.0x10°4—— 100C_02 during 30 min -y 4-0x10™
J——300C_02 B ‘
5 0x10"° - 400_02 /
|——500C ’ - 3.0x10™

4.0x10™

3.0x10" - ai ;2 | M 2.0x10™

U.A

-10 _|
2.0x10 - 1.0x10™ <

U.A for room temperature

1.0x10"°4 -

0.0

0 200 400 600 800
Temperature (C)

Figure 3-36: TPD thermogram(mass 32) after 100 mbar @exposure at different temperature. The scale for th
dash curve (at RT) is in the right side.

For most application, the aim of sensor is to deteme traces of pollution in ambient
atmosphere or at least in the presence of oxygénconvenient to describe first the thermal
desorption of oxygen from pure Sp@owder. In Figure 3-36, the TPD thermogram after
oxygen exposure is reported. SnPowder was exposed to 100mBar of & different
temperature from RT to 500°C during 30min. Depegdim the exposure temperature, 5
kinds of adsorbed oxygen species can be charaatiefiam TPD experiments. Each oxygen
species have a specific behaviour. Oxygen frombtilk Lattice (Q) is always present and
independent on the temperature exposure. Its desogpart around 880°C. We notesitin
our notation. They anda, species which desorbs in the range 80-200°C dyepoesent for
exposure at room temperatufe.andy species are formed if the exposure temperature is
above 100°Cduring a long period. Time exposuretantgerature control the intensity of the
peaks. For specief,andy, an exposure at 500°C, peak intensity is maxidatording to the
literature (in chapter 1) on TPD [149], EPR, DRIERhd to the relation between the

temperature and the Activation energy of desorp{leq 12), the bond between the oxygen
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species and the SaBhould be weak at low temperature. It is posdiblassign the different
peak to a specific oxygen species as follay80°C, Q) anda, (150°C, Q) B (450-600°C,
often centred at 550°C, Qy (around 730°C, Gurface) and (above 800°C, Quk), where
the temperature and species noted in parenthesksate the approximate maximum
desorption temperature £Y and the corresponding adsorbed oxygen species fdllowing

table summarized the oxygen species at the suofguare SnQ,

Table 3-2 : Oxygen species at the surface of SpO

Oxygen
Name form Temperature range (C) Tm(T)
a 0-0O» 80
a 0-0,- 120-200 150
B 0-0O- 450-600 550
Y OOX(OL)+ (0} 730
0 OL(bulk) 880

A simply mechanism can explained the formationhef xygen species. Our starting point is

the oxygen in the gas phase the process can od@s:f

physisorption
—>
O; (gas) +o -0, o1
—>
o-O, + € <+— o-Oy 02
B} —_—> N
O,+2e+20 <4— 25-0O B
Or 0-O, +€ + o <« 25-0O
. —»
c-O +€e+V,” «—— Op+ 0 v

Whereo is an adsorption site.

Vo' and Og* represents respectively an oxygen vacancy andtiaelaixygen using Kroger

Vink notation (Q*=0,)

More the adsorption temperature increase, moreaxggecies become ionic and thus
strongly bond. Depending on the working temperateaeh species can be also more or less
present at the surface of Sn®or example, closer the temperature is to 200fCraore the
O; is dominant but Os also present
At elevated temperature, i.e. at temperature sopé&si 100°C but inferior to 600°C, onfy

andy desorption peak are observable. Figure 3-37 (d)(Bhshows the dependencies of the
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Og peak and @ as a function of the temperature exposure angrégsure. For an exposure
over 600°C the @desorption peak does not appear which confirms@h& not stable over
this temperature whereasis stable. Secondly, at fixed temperature (5009C}he Figure
3-38(b), by increasing the adsorption pressurdr{f) 1mbar to 500mbar the intensity of the
Op peak increases. Figure 3-38(c) shows that thee@ser of Q) species versus pressure
follows a logarithmic law. For theyQeak, the intensity is constant with the riserefspure.
These results prove that the @ome from the oxygen lattice of the surface begaus
the level is independent to pressure but the gyaoitiOy is definite. It is why a maximum
can be observed. ForpgOThe influence of oxygen pressure proves that weeha

chemisorption of oxygen at the surface. This chemison, in this condition, form theO

, Exposure at 100 mBar, 30min exposure at 500C, 30min
2.0x10°
X —700C (@ Y, o ——1mbar ()
4+——600T ‘ 1.5x10%° —---- 10 mbar Y
10 fp——500<c N a | 100 mbar
7 107 400c 3 - 300 mbar
=) 4+——300C 2 T 500mBar
> o 2 10x10™ —
2 L0107 100C 2
[] <] -1
£ +--- Ref E
5.0x10™" — 5.010™ ~
- - \\::_\. ------------ /'/
OO | I | I | I | I OO T I T I T I T I
0 200 400 600 800 0 200 400 600 800
Temperature(T) Temperature(C)
107 O, peak intensity . /--
o ] /
~ [ ]
5 - /
—
N 4
2 u ()
0
c -
g
=
500,30 min
1 _..rml—mrnmm
1 10 100

Pressure (mbar)

Figure 3-37: TPD thermogram (m/z= 32) after exposwe at different temperature (a), at different pressue
(b), and the relation between the height of the pPpeak and the pressure (c).
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Comment about the ionisation fragment of O
In the experiments, Omasses 32 and 16 were followed. Mass 16 is tha fregment

of mass 32. The prove is shown in the Figure 3@&8100 mbar exposure at 500°C the shape

between the mass 32 and the mass 16 is the sanietdndity is less for the mass 16. It is

why we prefer to show the mass 32

100mbar O, exposed at 500C

8.0x10™

. —=— masse 16 (500C)
7.0x10

—e— masse 32 (500C)

6.0x10™"
-11
5 50x10 f’*. A
= 4.0x10™ ;%
= i
2 3.0x10™" 1&“ '.\;’
[}
= -11
£  2.0x10 ! Y
1.0x10™ WG

o 200 400 600 800 1000
Temperature (C)

Figure 3-38 : TPD thermogramfor the mass 16 and 3&fter 100mbar O, exposure at 500°C.

3.3.3.1.1.1 Energy of desorption and frequency famt

A way to confirm the nature of oxygen species icatculate the desorption energy
EL%) According to the experimental method (detailed3i8.1.4) and considering that
desorption process is a first order, we can estirBdt*andv. Figure 3-39 shows the results
obtain with three different heating rate 10, 2058@min. It can be seen that according to the
desorption theory almost all peaks are shifted tdwdigh temperature if the heating rate

increase (table 3-1)
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6.0x10™ - — —
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1100mbar oxygen P My
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Figure 3-39 : TPD thermogram (mass 32) after 100mbar @exposure at 500°C during 15min,for different heatig
rate.

One problem is observed for the peak corresportdii@ at 10°C/min. the temperature of
this peak is higher than expected. So the calculare made with experiments at 20 and
30°C/min. measured value are reported in the Tédde

Table 3-3 : Temperature of the maximum desorptiondr each type of oxygen speciesg@nd Oy

B (heating rate) Top(T) Toy(C)
B1 10C/min 598 759
B2 20C/min 587 771
B3 30C/min 625 792

AT=T,-Ty 38 21

The value of Ea and calculated thanks to expression (12) and (13)rteddereafter are
indicate in the Table 3-4.

RTZ des
E:esz—zln& And uz'BEa2 exp) 0
AT RT, RT,

2

* The values 25kJ/mol for {3pecies and 75kJ/mol for, Epecies are in the range of
chemisorption energies which means that thereteoegdy bonded to the surface.

* The weaker value ofaEes(Oﬁ) indicates the relative facility of these spedies
react with other compounds.

Table 3-4 : value of Ea and) for Og and Oy oxygen species

T,(K) E ."%(j/mol) u(s™)
Tog 860 28495 54
Toy 1044 75985 41243

134



Investigation of the surface reaction by DRIFT gsisl and TPD

3.3.3.1.1.2 Relation between water, hydroxyl and ggen on pure SnQ

With the aim of going deeper in the relation of geg with SnQ@, using the TPD
technique, the influence of the oxygen with wated/ar the hydroxyl groups was followed.
Most metal oxides are covered with hydroxyl groupger normal condition which means in
ambiant atmosphere. Since surface hydroxyl groepms to have a great influence on the
physical and chemical properties of metal oxiddaga, it is important to have informations
on the adsorbed state of water on the surfacehdrptevious section, the formation of the
oxygen species at the surface of the Sh&s been described. It was found that the creafion
oxygen species depends on temperature. In thioseab water vapour has been introduced

but there is a certain amount of water and hydrgrgup at the surface of Sp@oming from
time where the sample was in atmosphere. It is d#figult to remove water because a small
amount is introduced during the oxygen exposureicgritom the bottle and pipes. We have
found a strong relation between the oxygen spdagesnd the formation of a new OH group.
Figure 3-40 shows the TPD thermogramfor the masd48and 32 assigned to OH,®iand
O, after adsorption of 200mBar oxygen at 500°C ara?60

3.0x10™

] 600C —— Mass 17
4 —— Mass 18

2.0x10™ 3 oy Mass 32

UA
N

)

-

1.0x10™

0.0
3.0x10™

2.0x10™ -

U.A

1.0x10™° H

0.0

0 200 400 600 800 1000
Tempeature(T)

Figure 3-40 : TPD thermogram of water (mass 18), ldroxyl (mass 17) and oxygen (mass 32) after
adsorption of oxygen at 500°C and 60@

After adsorption of oxygen at 600°C, four wateratesion peak appeared: (1) 150°C-
175°C; (2) 200°C, (3) 286-305°C, (4) 375-385°C. Manthors ¥, Hand T, Eg,Jstudied the
adsorption of water vapour and found two broad petide first one centred at 150°C, and the

second one centred at 400°C. They attributed teegdeak to the water molecular desorption
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and the second to hydroxyl groups. In our caseag already mentioned that the amount of
water is quite low. Based on the results of thasthas, the four desorption peak in the
present case can be also divided in two groupsfitee group contains only the peak 1
corresponding to water molecule which is entiredgatbed at 175°C and the others peaks 2,
3, 4 which correspond to three different sitesyafrbxyl group adsorbed. Usually these peaks
cannot be identified when water vapour is exposszhbse of the highest level of water; in
such condition, only the presence of broad peakbgerved. One should remind that water
observed here results only from water pre-adsomatinosphere before using our sample. It
puts in light that molecular water (weak peak ncah be considered as almost completely
removed after the cleaning process whereas hydmgeodps are still present and strongly
bonded to the surface. The maximum temperatureenmove the entire hydroxyl group is
around 450°C-500°C. It is assumed that hydroxylpgsocan affect the conductivity of SHO
but water molecule is considered to have a smdlliénce on it. Temperatures of the
maximum (T,) desorption are given in a range roughly importhre to the fact that,l'can
shift in function of the molecule surrounding ahd possibility to form hydrogen bond.

In the second experiment where oxygen has beeadserbed to 500°C, a new band
centred at 550°C appears. This new hydroxyl specerrelated to the presence of oxygen
Og specie. Effectively, at 600°C, the peakwasn't present as well as the OH peak at 550°C.

A direct reaction between @) and HO can be suggested to explain this relation:

HO +6-O +0 <> 206-OH+ 1€

Thus, desorption of-OH species will lead to simultaneous emission pfew vapour
(n/e=18) and @(c-O)

By DRIFT, D. Koziej [150] have demonstrated theatieln between oxygen
concentration and the increase of a hydroxyl basdshown in Figure 3-41. The band at
3640cm® suggests an increase of the hydroxyl group wherOstconcentration is increased.
TPD measurements complete this observation andpats@ direct link between oxygen and
hydroxyl group formation. The relation between themations of OH group in the presence
of O (Gg) is also important and should be taken in accdanexplain some detection
mechanism of SnOwith a reducing gas. If a reducing gas (CO) issen¢, a possible
competition can take place between the reactiaheformation of Hydroxyl group and the
reaction with the reducing gas.
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Figure 3-41 :Changes of the band bending (a) and ¢hrespective single channel DRIFT spectra (b) of
the tin dioxide sensor (U500Y) exposed to oxygen-& 0 ppm, b-2000 ppm, c-5000 ppm, d - 10000
ppm, e - 50000 ppm at 40@ and at constant humidity level (3 ppm)[150].

3.3.3.1.1.3 Isotope exchange investigation
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Figure 3-42 : TPD thermogram after exposure To &,at 500°C. TPD thermogram with O°, exposure is
used as reference. a) m/e=32 b) m/e=34 c) m/e=36
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0,'® exchange isotope was conducted in order to valithe ionosorption of the O
specie. During the isotope exchange the signals B4 (3°0"), m/z= 36 (G%) was
followed in addition to m/z= 32 (t%,). Figure 3-42 illustrated the results obtainedaord®,
exposure at 500°C. In the same figure th& @xposure at 500°C is plotted to compare both
effects. As already mentioned, when®Qs adsorbed at elevated temperature and especially
at 500°C, two main bands appeag: (650°C) and Q(760°C) No bands appears for m/z=34
and m/z=36 which is logic as ne®was present.

When, the sample is exposed tgOthe Q@ and Q peaks are observed for all signals m/z=32,
34, 36. For m/z=32 (Figure 3-42 (a)), the comparieb signals measured after exposure to
0, and 3% shows that the intensity of;@0-) peak is strongly decreased in the case,df O
exposure, whereas,QO.) peaks, intensity is only slightly decreased.
For m/z=34 (Figure 3-42 (b)) and (Figure 3-42 {cfan be seen that the relative intensity of
Og (O-) peak increases comparably to the one,df3D) peaks.
These results indicate that:

o O is still present in our experiment, even in theecaf Q*® exposure because

m/z=32 signal remains significant in this condition
0 Op (O-) species mainly issued from previous absompfrom gas surrounding the

sample during exposure treatment according toimrapteviously written:
0,8+ 2e- + 3 > 26-0' (formation Q)

o On the contrary, ©(O.) species which are desorbed are mainly constitinted the

oxygen of Sn@lattice, thus of isotope ©
20p"> 2Vo + O, +2€ (formation Q)
o But, O,'® can be incorporated in the lattice, @s peak m/z=34 and m/z=36 are
significant. This incorporation during exposure pstean occur from reaction

previously reported, but fromgO

c-0¥+Vy +6> 0 +6
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3.3.3.1.2 Adsorption of oxygen on Sa@/ith metal addition
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Figure 3-43 : TPD thermograms of oxygen for Pure SB, powder, Au+ SnQ, powder and Pt+ SnQ
powder after the adsorption of 100mbar oxygen at SI°C.

The TPD thermograms of Oxygen desorption with th©.Smnixed with noble metal
are shown in Figure 3-43. In comparison with pun®s the desorption of oxygen with Au
mixed SnQ exhibits almost the same peak at 550°G),(060°C (Q), and a gradual
desorption of oxygen after 800°C. The interactibmxygen with the powder Pt mixed SnO
is quite different from pure and gold mixed powddrsfact, desorption of the first oxygen
species (@) for gold mixed or pure SnGstarts at 460°C while starts at 510°C for the Pt
mixed powder. Two peaks are present for both Aueshignd pure Sn{powders whereas
only one peak in the neighbourhood of 705 °C is@né for Pt mixed Sn{powder. a gradual
desorption is observed in all cases corresponditigeoQy desorption.

From the point of view of the adsorption and desorp processes of oxygen, in
regards to the nature of the metal, it is obviolhat tplatinum affects the process. The
desorption temperature and the shape of the peglestia stronger bonds between platinum
and oxygen species.

The catalytic role of the platinum is known forang time even if the mechanism is
not obvious. Two mechanisms are known: “the spitrceffect” and “the “electronic effect”.
The absence of visible desorption suggest thabiygen prefers adsorbed directly on the

platinum.
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3.3.3.1.2.1 Effect of the adsorption temperature

To have a clear overview of the effect of the meiapersed in SnO2 on the oxygen

desorption, TPD measurements were done from diffdmmperatures of gas exposure from

room temperature (RT) to 600°C. The process wasdhee as the one used with pure SnO

After cleaning the surface, 100mBar of pure oxygars exposed to the sample (mixed gold
or mixed platinum) at the required temperature rdpuB0min. Then, the sample is quenched

to RT and the TPD program is running. The resultsshown in Figure 3-44
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—e—100C_Au 100 mBar oxygen exposed during 30min —®—100T 100 mBar oxygen exposed during 30min
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Figure 3-44 : Thermogram of the desorption of @ (m/z=32) after 100mBar exposure at different
temperature for gold and platinum

* .Gg and Oy species.
With gold particles inside the SaQhe result is quite comparable to pure tin diexid

At 300°C, the peak corresponding t@ &nd Q desorption appear. With the increase of
the temperature the intensity of the peaks inceease600°C the formation of thezGs

not possible, as already discovered with pure SirOcase of platinum particles added to
the SnQ the behaviour is not the same. The formation pfstarted at 400°C and the
maximum desorption temperature (Tm) is shifted. presence of the peak ofy@ not

real clear. It seems that only one species is ptese
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Figure 3-45 : Thermogramm of the desorption of @after 100mBar exposure at different temperature fo
gold and platinum

Put in together the thermogram from gold and platinsamples reveals that the
intensity is quite different. For platinum, on ohand the signal intensities are weaker and
other hand the temperature of the maximum desaorpg8o40°C higher than that of gold
sample. The difference of the maximum desorptiomprature means simply that oxygen is

better bond in the case of platinum than gold.
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Figure 3-46 : Fit of the oxygen thermogram for an dsorption at RT for (a) pure, (b) SnO+Au and (c)
SnO,+Pt

The presence of the metal has an important effe¢che adsorption of the oxygen species at

room temperature (RT). On Figure 3-46, the thermogr are focused on the range from RT
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to 300°C, when 100mBar of oxygen is adsorbed atdRing 30min, for the three types of
powders. If the pure SnQs considered as the reference the presence ohé@ modified
the adsorption of the oxygen. In presence of gtild, weak bond species is favoured
whereas the platinum favours high bond spegieé\s a function of the nature of the metal, a

predominance of oxygen species exist.

3.3.3.1.2.2 Influence of adsorption oxygen partigdressure

At an exposure temperature of 500°C, the influepfcthe adsorption oxygen partial
pressure of oxygen exposed to the sample was otheElgure 3-47 shows the result. Gold

samples seem to be less affected by the pressdrelesorbed usually the same quantity

whereas for the platinum ones the intensity of@gepecies s increases with pressure.
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Figure 3-47 : Thermogram of the desorption of @after oxygen exposure at 500°C at different presse
for gold and platinum

3.3.3.1.3 Summary of oxygen adsorption results

TPD thermograms of oxygen desorption from pure So@nsist of 5 peaks: @
(80°C, Q) and @, (150°C, Q) Op (450-600°C, often centred at 550°C),@Dy (around

730°C, Q ands (above 800°C, Quk).. With platinum, the @(O’) speciess less significant
its maximum desorption temperature is at a higkerperature. With Au, the situation is

unchanged compared to pure $nO
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3.3.3.2 Variation of oxygen desorption with coadsorption ofreducing
gas.

3.3.3.2.1 With pure Sn®

Direct reaction.

Indeed, what happen for our system if a reducing igantroduced? To observe the
relation between oxygen and a reducing gas thewiollg process was done. The sample was
kept under 100mbar oxygen atmosphere at 400°C gi@@min and a reducing gas, carbon
monoxide or methane, has been introduced during gleoiod. Then, the “regular process”
has been used. As reference the TPD thermogranowtigmy reducing gas adsorption has
been taken, which exhibit a peak at 550°G)(d a reducing gas is adsorbed, thge g@ak
disappears totally, see Figure 3-48. With CO (3@@pphe effect is faster than GH
(1000ppm), after 5 min the peak (which means thexisg) disappears. Most people [151]
have suggested a direct reaction with reducingagaschemisorbed oxygen but it was never
really proved until now, using TPD measurements.avoid any other effect (desorption of
these species due to the temperature in vacuumxtimple) a neutral gas (Argon) has been
also introduced after the oxygen. The result witlyoh is also shown in figure 6. The; O
peak is still present after the argon exposures Tdst result proves a real reaction between
reducing gas (CO or Cjland ionosorbed oxygen. The reaction can be writte

CO+0-O>CO+tote€

5.0x10™
—®— no gas adsorpted

1--0--- 100mbar Argon (30min) n
100mbar CO (5 min) P ]
4.0x10™ =~ 100mbar CH, (30 min) =

3.0x10™

2.0x10™

O,desorption rate [u.a]

1.0x10™

0 200 400 600 800 1000
Temperature C

Figure 3-48 : TPD chromatograms of oxygen desorptio(m/ z=32)
in function of the gas co-adsorbed at 500°C afterODmbar oxygen adsorption On pure Sn@
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Consequences and product.

In the previous section, a relation betweep Species and the formation of new
hydroxyl species has been proved. It is interedtinmpquire the consequence of the reaction
of a reducing gas with {pecie on the water desorption thermogram. Momeadavis known
that the product of the reaction of CO with the gy of the surface is GOFigure 3-49
shows the thermogram of GQ@Qmass 44) and oxygen and Figure 3-50 shows thienthiggam
of water and oxygen. These two graphs illustratectnsequence the disappearance of the O
on the hydroxyl group and GOOnly the case of CO is shown here. Two consegeatthe

reducing gas co-adsorbed after the oxygen preatiegdtare visible:

* Figure 3-49 reveals an increasing of the ,Caak desorption after CO

adsorption. It confirms that the product of thectem is mainly CQ.
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Figure 3-49 : TPD thermogram of oxygen desorptionnf/z=32) and CQ (m/z=44) with or without CO co-
adsorption.
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Figure 3-50 : TPD thermogram of oxygen desorptionnf/z=32) and water (m/z=18) with or without CO co-
adsorption.

* The OHso peak is linked to the Opeak decrease. These means that the
reaction between CO and “O-“is dominant in commarig/ith the formation of
the OH group.

A simple sketch explains this dominance in the Fég@+51 The Starting point is the

dissociation of water at the surface of the sn@ich as already known to be as follow.

H,0+6+0y > (OH—o) + (OH), +¢€
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Figure 3-51 Sketch of the relation between @(O) and the formation of OH group and the influence
the presence of a reducing gas CO

3.3.3.2.2 With the presence of the metal
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Figure 3-52 : TPD thermogramfor mixed SnO, powder: (a) Oxygen (m/e= 32) and (b) CQ(m/e=44)

Similar test were performed with samples mixed vgtid or platinum particles. The
consequence of CO adsorption on the oxygen theamogwhen the @ is present is
illustrated in Figure 3-52(a). The GQlesorption is measured at the same time, Figure
3-52(b). After the adsorption of oxygen at 400°®0 tdesorption peaks appear for gold and
only one for the platinum sample as described presly. The adsorption of CO after the
oxygen exposure reduce the peak of oxygen desarfaroboth mixed powder. In the case of
gold, mainly the @peak is reduced which is the same behaviour senadx on pure powder.
With platinum, the oxygen desorption declines ggiprbut keep the same shape. In Figure
3-52 (b), the C@desorption is quite different for each type of rhekor gold, a gradual
desorption of CQ is observed started at 400°C whereas a well procext CQ peak
desorption is observed centred at 250°C in the cbBé

With platinum, The CQ peak desorption at 250°C where no oxygen sitaasemt.
This result suggests an easiest formation op @Qthe case of platinum and confirms the
catalytic role played. Secondly, with gold, a gralddesorption suggest possible intermediate
like COs, COs*and CQ” which can desorbed as g6t different temperatures.

3.3.3.3 Summary of the interaction with a reducing gas

When a reducing gas (CO or @QHs exposed to SnOpowder after the oxygen
exposure, the desorption of thg €peciess no more visible in the TPD oxygen thermogram
and in the same time, the g@esorption increases, which proves a direct readietween O
and the reducing gas.

CO+5-O>COy+0+€
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When metal is present, the effect of Au and Pt asein the case of oxygen, quite
different. For the Au sample the same resultspashie case of metal absence, are recorded.
For the Pt sample, the G@esorption is quite different, very sharp andostdr temperature
(250°C).

3.3.3.4 Discussion on TPD

Observations of the oxygen state at the surfageroéterial are a big challenge. It was
not possible to use DRIFT due to the set up ofeogperiment. Thermodesorption (TPD) was
a good choice to follow oxygen species. In the DRé&xperiments, some questions remained
unsolved. The main one was: how the platinum céinade the CO conversion to GO Are
the speeds up of the reaction at the surface anbtbiihamount of intermediate species at the
surface sufficient to explain the sensibility to €O

Pure Sn@ was studied before to study the influence of mét found 5 different
oxygen species which can desorbed. Thesgeciesvas found to be the most reactive to the
reducing gas. The presence of gold doesn’'t chamgentechanism. In other hand, 5 oxygen
species desorbed were also found. With platinue bshaviour of the oxygen desorption is
different. In fact, only one species from the mateusually: Q surface and ©Obulk) was
found to desorb. Another result is the higher teraifpee of the @speciesiesorption.

With the results found, it is obvious that the mataf the metal can modify the oxygen
species at the surface. For gold, we can affirmhtti@asurface is not modified. The effects of
platinum on the oxygen species are related to xtygem desorption. The higher temperature
indicates a better bond between oxygen and thaudf the Sn@The fact that the oxygen
bulk desorption is also modified can indicate tihat surface sites are modified. The presence
of platinum modifies the surrounding of the oxygen.

In addition to this result, the formation of €@ the presence of metal was found to
be favour by platinum. The oxygen is better boundha surface of the SnG- Pt, which
means that the electron are delocalized to form lloind is a higher state. It means that in
presence of CO, the reaction with &nd the release of the electron will be more $icamt.
This result correlates with the high sensitivitysehsor with platinum electrodes.
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3.3.4 TPD Conclusion

Temperature-programmed desorption experiments iftarent as were performed in
order to helps the understanding of the electrodeenal induced effects. For oxygen, based
on the literature data, it was possible to asdigndifferent peaks to specific oxygen species,
as follow: a; (80°C) belongs to the molecular physisorbed oxy@emanda, (around 150°C)
to singly ionised molecular oxygen,Q The  peak is currently attributed to the singly
ionised atomic oxygen (450-600°C, often centrecb%®°C, O). The 2 last ones can be
assigned to oxygen form the lattice: first théaround 730°C) to surface . @ndé (above
800°C), the lattice oxygen from the bulk Qux). It is important to observe that, depending on
the electrodes material, the maximum of the peakesponding to Oappears at different
temperatures. Due to the fact that for Pt the marindesorption is higher, one can consider
that the bonding of Gat the Sn@is stronger.

A little bit surprising is the funding that in tlease of Pt, where the @ probably strongly
bond to the surface, the G@esorption after the simultaneous exposure of tvedprs to Q
and CO, takes place much stronger and at lowerdgatyes if compared to the gold case. In
the same experiment we can see that for all c&w®3-and Sn@ mixed with Pt and Au- the
reaction between Cand CO takes place. The adsorption of i® practically eliminated.
However, for Sn@ and Sn@ mixed with Au the elimination of the final reaatigoroduct
(COy,) is taking place with difficulty. These resultseazonfirming the finding provided by
DRIFT analysis about the blocking of CO/O/electratsthe surface in the form of ionic

intermediates in absence of Pt.

149



4 Conclusion

150



The reason for starting this work was the fact thate was a lack of knowledge about
the influence of the electrodes into the sensirargss of gas sensor. Previous study of O.
Montmeat in MICC department proposed a macrosc@pproach of the electrodes
considering mainly electrical phenomena. So, tine @i the present work was to investigate
deeper the implication of electrodes, at the mwopg scale.. To achieve that, the followed
strategy was to have, in addition to the usual B€istance measurement, phenomenological
and spectroscopic (DRIFT and TPD) studies in ondeinvestigate the influence of the

electrodes.

* Electrical measurement

The first part of this work was devoted to the gtod the influence of the geometry
and of the nature of the electrode. It was proved the nature of electrodes has an effect on
the overall resistance on the gas sensor and grertsermance. Different approaches were
used to understand this problem with more or lassess:

- Using Sn@ mixed with big metal particles as sensitive laj@r gas sensor in order to
increase the metal-semiconductor interface. Weodesed that the overall resistance is more
influenced by the nature of electrodes rather thatal particles inside the layer.

- It was supposed that the one can increase tlotriedd effect by narrowing the gap. This
effect was, in our case, just a geometrical onereBlyicing the space between the electrodes,
we just changed the resistance of the sensitivemmabplaced between the two electrodes. No

real qualitative effect of the electrode was ideedi

e Spectroscopic information

Another method to investigate the role of the etalds is to observe surface reactions during
CO sensing with gas sensors. DRIFT was used sinadtsly to the DC measurement of
electrical resistance. One observes that, deperditige nature of the electrodes, the reaction
pathway from CO to C®is modified. On the basis of such studies a fistlihg is the
identification of the commonly observed intermeeiaurface species being monodentate
carbonates and carboxylates. Besides that, it n@asrsthat platinum electrodes decrease the
concentration of intermediate species and favoerfthmation of CQThe decrease is not

uniform for all intermediate species: the monodentarbonate decrease less because it is the
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most stable species. On the opposite, with goldtreldes, many intermediates are present at
the surface. The intermediatesncentration can be correlated with the eledtpeaformance

of the sensor. Namely their presence indicatesfdlbe that the charge transfer from the
surface species to the conduction band is blocKéte system can “get rid of” the
intermediates faster and simultaneous responserisased:

The formation of carboxylates and monodentates ¢sresequence of the direct reaction of
CO with oxygen species. Unfortunately, up to datre is no adequate technique for a direct
monitoring of oxygen ions in operando conditiod%.get more insights, TPD measurements
were performed, mainly focused on observing thegerydesorption from the powder. It was
found that the pure and mixed gold Sn@Powders show the same trend for oxygen
desorption. With mixed platinum powders, it wasrfduhat oxygen is stronger bonded to the
surface. Thus, the weak concentration of intermedspecies observed by DRIFT is a
consequence of the quantity of oxygen presenteastinface, but the important sensitivity is

mainly due to the quality of the bond of oxygenaes when platinum is present.

Outlook

This thesis was a step ahead to understand thet effethe electrodes on sensors
performances. The success was due to the approfaaksimg different techniques to
investigate a selected problem Many improvements loa done and especially on the
electrical part: our main problem was the size wf ystem and by using micro technologies
for building a new device on silicon substrate thithdraw could be eliminated. With this
new device, impedance spectroscopy measurementigeehcould be done to complete the
understanding. They could clarify the contributmnelectrodes to the electrical transduction.
The influence of the geometry (size of the elearasd gap between them) could also be
clarified. Concerning the spectroscopic techniqolee could improve the quality of the
spectra recorded at higher sensor operating temupesaby using an optical filter. Thus, the
saturation of the MCT detector should diminish.

In future research, Flash TPD, directly on sensmild be use to mach with the

powder results.
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