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Introduction

The detection and the concentration measurement of pollutants in atmo-
spheric air have become one of the main European political concern since the
late 1970°s. Because of the increase in the number of vehicles and interna-
tional transport as well as with development and industrialization of the cities.
a strong degradation of environment is observed. Thus. monitoring and de-
tection of gases, especially primary pollutant like nitrogen dioxide (NOy) and
secondary one like ozone (O3], become extremely important for environmen-
tal protection. industrial process analysis and protecting human health. The
numerous study shows the destructive influence of the air pollutants on the hu-
man health. Depending on pollutants, they may cause problems of breathing,.
eye irritating. tracheal burns. bronchiolar and alveolar oedema even to airway
destruction resulting in respiratory distress or failure. As a result, scientists in
the frame of governmental and non-governmental organisations are developing
and optimizing detecting and measuring networks for air quality monitoring.
In Poland. one of network organisations working for air quality monitoring is
Institute for Ecology of Industrial Areas (IETU) [1,2]. IETU is a research and
development unit acting under the Polish Ministry of Environment. In France,
regulations on the preservation of air quality are mainly defined by the French
law on ‘Air Quality and the Rational Use of Energy’ (LAURE) dated September
1996. There are around forty organisations governed by this law. They con-
stitute the monitoring network approved by the Ministry of Ecology and called
Atma sites for air quality monitoring [3].

In Polish sites for air quality monitoring, as a gas detector a system called
OPSIS fis used. In France. it is the system of commercial analysers or diffusion
tubes. Measurements of concentration of air pollutants obtained by different
commercial gas analysers or OPSIS measuring systemn are selective and insen-
sitive to interfering gases. Moreover. the obtained gas concentration is very
precise and measured in real time. However. the commercial analysers and
measuring systems used in measurements, suffer from many inconveniences like
their dimensiong and their weight. In addition. the price of all commercial gas
analysers and their costs during usage are very high. Moreover. they employ
more and more complicated technology of measurements. All inconveniences of
commercial systems show that the use of other sensitive materials in air quality
monitoring seems to be a necessity. Thus, collaborations with different univer-
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sities and laboratories are established to find new technological solutiong for air
quality monitoring. Lately, the most studied solution is the chemical sensor
technology [4]. Chemical sensors are these ones where the interaction hetween
the target gas and sensing materials is chemical. Among studied materials
used in gas sensing technology are electrolytes [4,5] and semiconductors, e.g.,
metal oxides [6,7,8,9,10,11], molecular semiconductors [12.13.14.15.16.17] and
ITI-V semiconductors [18.19,20,21,22]. Standard gas sensors are mostly based
on metal oxides. However. they are not free from many disadvantages like se-
lectivity problems and working temperature. Very often. they work at high
temperatures or are characterized by a very long response time: they miss sta-
hility and sensor response reproducibility. Thus. often additional technological
solutions are used to make the sensor work., which can complicate and increase
the cost of gas sensor. In addition, the technology of the structure based on
the metal oxides and molecular semiconductors does not allow for the minia-
turization and on-chip co-integration with signal processing and communication
circuits.

Desired materials in gas sensor technology need to exhibit a high sensitivity
(enough to detect oxidizing gases of concentration less than 50 ppb) and a
selectivity to target gas. The sensor signal should be stable and reproducible
in time. Also. the fabrication technology has to be easy and not expensive,
allowing for easy transport and installing in desired monitoring places (streets,
traffics. vehicles, etc.]. Recently, studies on III-V semiconductor compounds.
including indium phosphide (InP) largely used in micro and opto-electronics,
show various advantages of this material (superb electron transport properties
with high surface sensitivity. a wide variety of these materials and the availability
of advanced nano-technology, etc. [18]] making them attractive also for gas
sensor technology.

However, one of the crucial problems in technological progress of ITI-V based
devices is control of the chemical and electronic state of semiconductor surfaces
and interfaces since they usually exhibit a high density of non-desired surface
states in the energy band-gap. For example. the standard passivated surfaces of
these semiconductors, including InP, are usually characterized by a surface state
continuum with a minimum density in the range from 10" to 10" cin=2eV~!
[28]. On the other hand. surfaces exposed to air atmosphere after standard
wafer preparation treatments. i.e. cutting and chemical polishing, are covered
by hardly to remove native oxide layer. This oxide layer is responsible for an
increase of surface state density. which induces a surface band hending and de-
pleted near-surface region in InP. Theoretical studies show that surface states
at insulator-InP interfaces play also the key role in the so-called surface Fermi
level pinning phenomenon [29,30,31]. This Fermi level pinning may provoke
a semiconductor surface totally insensitive for gas adsorption. however weak
Fermi level pinning may stabilize the surface electronic parameters like its ini-
tial resistance. The standard models largely used in practice for description of
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the sensing mechanism in semiconductor gas sensors, including InP-based de-
vices, are usually based on the non-realistic ‘flat bands® assumption (i.e., perfect
surface structure) before gas action. In this context, examinations focused on
understanding of electronic status of InP surfaces and near-surface region as
well ag the role of surface Fermi level pinning in sensing mechanism are of great
importance.

In the research group of gas sensors under direction of A. Pauly at LAS-
MEA. Blaise Pascal University in Clermont-Ferrand, the novel resistive sensor
devices based on n-type InP epitaxial layers were developed and tested in col-
lahoration with Atma Auvergne. These devices, in spite of the surface native
oxide layer existence as well as surface Fermi level pinning are extremely sen-
sitive to oxidizing gases (NOy and Oj) of concentration less than 50 ppb. In
addition. the InP layer initial resistance in pure air is observed to he very stable
in time, probably because of the properties of the native oxide layer and as
following electronic properties of InP. Moreover. due to single-crystal structure
of InP material - obtained by means of Molecular Beam Epitaxy (MBE) - in
comparison with metal oxides (usually of grain structure) and molecular semi-
conductors (macrocyclic compounds) the gas sensitive InP layers can be well
controlled in terms of such important characteristics like layer thickness, doping
level, conductivity and carrier mobility. Thus, InP is a very promising mate-
rial for oxidizing gas sensors. which can be used in both indoor and outdoor
applications [14.15,20,21,22,23,24,25,26,27|.

Therefore. the main aim of the presented Thesis is complex studies - both
experimental and theoretical - on the sensing. electronic and chemical properties
of n-type InP epitaxial film resistive sensors for oxidizing gases. The result of
the performed research is important for further development and optimization
of InP thin film sensor technology.

The scope of the Thesis contains:

e Fabrication of the series of n-InP hased gas sensors with different InP ac-
tive layer thickness (from 0.2 to 0.4 gm) and examination of their sensing
properties in terms of the resistance changes under adsorption of gases
(NOy) of very low concentration (in the range helow 50 ppb) and at dif-
ferent working temperatures (from room temperature to 100 °C);

¢ The Hall experiment (before and under gas adsorption) in order to get
information ahout charge carrier concentration and mobility:

e Characterization of the chemical properties of the surface of InP epitaxial
layers before and after gas action. using X-ray photoelectron spectroscopy
(XPS) and Auger electron spectroscopy (AES) combined with ion sput-
tering in order to get in-depth chemical composition profile of InP-related
native oxides:
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e Theoretical analysis of the influence of surface states and temperature on
the electronic parameters of the near-surface region (surface band bending.
charge concentration profiles) as well as resistance of InP samples.

The presented work was realized within the following laboratories:

e pag sensor laboratory under direction of A. Pauly in LASMEA. B. Pascal
University (France), where the InP sensor devices are fabricated and the
gag sensing studies as well as Hall effect measurements are performed:

e laboratory for spectroscopic studies of chemical properties of solid sur-
faces under direction of L. Bideux also in LASMEA. B. Pascal University
(France), where the XPS studies are carried out;

e laboratory for numerical modelling of semiconductor surfaces as well as
laboratory of AES microscopy for chemical characterization of solid sur-
faces and interfaces in the Department of Applied Physics Institute of
Physics, Silesian University of Technology (Poland) under direction of B.
Adamowicz, where the rigorous analysis of electronic properties as well as
AES measurements combined with in-depth sample profiling are realized.

Synopsis of the Thesis

In Chapter 1, characteristics of existent air pollutants., their impacts on
human health and concentration limits in air quality monitoring are desecribed.
National organisations working in the frame of international programs are also
presented. Different methods of detection and monitoring of air pollutants from
commercial solutions to studied ones are discussed.

Chapter 2 deals with different approaches to understand the phenomena on
the semiconductor surfaces and interfaces. The InP near-surface properties in
terms of contamination and native oxide layer are also presented. Moreover,
the adsorption process as well as adsorption isotherms allowing to better un-
derstanding the gas action on the semiconductor surface are shown. The role of
the near-surface region in the adsorption process is also described. In addition.
the importance of realisation of the high quality ohmic contacts in resistive gas
sensing technology is explained.

In Chapter 3. the sensor structures based on n-InP epitaxial layers (with a
layer thickness from 0.2 to 0.4 pm) are presented. The fabrication process of
the sensor structure, which consists of the ohmic contact fabrication. mounting
of the sensor structure on the heating substrate and wire mounting for out-
put signal registration, is described in detail. Also. the idea and realization



Introduction

of measuring set-up used in gas sensing studies and Van der Pauw measure-
ment method implemented in Hall effect measurements are explained. This
set-up allows for controlling of gas flow. sensor working temperature. time of
gas exposure and gas concentration (from very low — less than 50 pph — to
rather high values of few ppm). The chemical properties are studied by means
of Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy
(XPS); AES and XPS techniques are presented. Measuring set-ups regarding
both of these techniques are detailed as well as methods for qualitative and
quantitative analysis.

In Chapter 4. the results of sensing. electronic and chemical systematic stud-
ies of the fabricated n-InP-based gas sensors are presented. Their sensing prop-
erties are investigated in terms of the sensor response, selectivity, reproducibility
and stability. The investigation of the influence of such an important parameter
as temperature on sensor characteristics is also shown. The sensor response is
studied in terms of n-InP resistance changes as a function of gas concentration.
Also. the Hall effect measurement in a novel configuration. which allows for
experiment under NQ; exposure. is carried out to investigate the concentration
of charge carriers as a function of gas concentration. In addition. from the Hall
effect measurements such the sensor electronic parameters are determined. like
the Hall resitivity, mobility and charge carrier concentration. Furthermore, the
results of spectroscopic (XPS, AES) studies are discussed. They are performed
in order to understand better the chemical composition of n-InP near-surface
region and its changes due to gas action. For the first time in the literature,
the AES quantitative analysis combined with in-depth profiling (upon argon ion
sputtering) is applied for the detailed characterization of the chemical composi-
tion of the InP related native oxide layer. The changes in the chemical composi-
tion of the sensor surface upon gas action are studied by means of XPS technique
and Atomic Force Microscopy (AFM). The quantitative analysis of XPS peak
intensities and surface roughness obtained from AFM images of the InP surface
are discussed. Moreover, from the quantitative analysis of combined XPS and
AES spectroscopic studies. the complementary information about the complex
composition of the native oxide layer is obtained. Generally, a native oxide layer
is produced during exposure of a freshly prepared free surface to ambient condi-
tions. This complex oxide layer strongly influences the near-surface region and
thus is probably responsible for sensing mechanism to NOs in the InP sensor de-
vice [20,21,22]. However, L. Talazac et al. [14,15,23,24,26,27,32,33,34,35] do not
take into account in their considerations the oxide layer formation at free InP
surfaces and its influence on the sensing mechanism. Therefore, in this Chap-
ter the phenomenological approach resulting from surface spectroscopy studies,
which allows for better understanding the action of NOs on the n-InP gas sensor
surface. is discussed.

Moreover, in Chapter 4 the electronic status of n-InP surfaces is studied
theoretically by means of a rigorous computer analysis. This analysis takes into
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account the influence of continuous surface states on the parameters of the sur-
face space charge layer and thus on the InP layer conductivity. This is done
for the first time in case of the thin InP layers. The applied computer pro-
gram was developed at the Research Center for Integrated Quantum Electron-
ics at Hokkaido University in Sapporo (Japan) by the group of H. Hasegawa
[28,29,30,31,36,37,38,40]. This unique computer tool uses a one-dimensional
Scharfetter-Gummel-type vector matrix algorithm for self-consistent solving of
the Poisson’s equation and charge transport equations for electrons and holes
in a semi-infinite sample at room temperature (at the equilibrium and non-
equilibrium conditions). As a result, profiles of carrier concentrations p{z) and
n{z) as well electric potential V(z) are obtained and then various surface pa-
rameters. including the surface potential. the surface Fermi level position and
the surface resistivity are calculated. In calculations. an U-shaped continuum
of surface states is assumed with the density distribution Ngg(E), in accordance
with the DIGS model for semiconductor surfaces and interfaces. Such a Ngg(E)
distribution hag heen found experimentally for ITI-V surfaces covered by native
oxide or passivation layer [28]. The surface band bending is induced by hoth
surface states Ngg(E) and the surface fixed charge Qg that represents ions ad-
sorbed on the semiconductor surface or surface-doping. These two parameters
are largely used for the modification of electronic properties of semiconductor
surfaces.

In addition, the investigation of the quality of ohmic contacts is done in
terms of the specific resistivity studies. The Scanning Electron Microscopy
(SEM) images of the boundary region between the n-InP surface and contact
are also presented. Moreover. AES in-depth profiles and AFM images of the
ohmic contacts are shown in Chapter 4.

Additionally. the appendixes contain:

¢ the method of conversion of pg.m=>

measuring;

in ppb. units used in gas concentration

e the statistics of electrons and holes in the semiconductor;

e the graphical representation of the functions used in determination of the
Hall effect parameters and electron mobility:

e the diagram of electrical systems used in Hall measurements:

e the scheme of Wheatstone bridge used in temperature control of sensor
devices:

s the method of measurement uncertainty estimation:

o the Hall effect principle.



Chapter 1

Generalities of the atmospheric
pollution

Air is the foremost element required for life. from some literature data we
breathe about 1§ 000 litres of air. every day [3]. The average composition of dry
air is 78% of nitrogen (N3), 21% of oxygen (O2) and 1% of other gases, mainly
Argon (Ar) followed by carbon dioxide (CO;). It should be noted that many
other constituents exist in mmuch lower concentrations. An air pollutant can be
defined as a substance present at a concentration sufficiently above its normal
level to produce a measurable adverse effect on human. animal or plant life or
on materials.

Air pollution may have natural (volcanic eruptions. vegetal emissions. hu-
mid zones, etc.] or anthropogenic origins. i.e., linked to human activity (fixed
or mobile comhbustion sources. industrial emissions, etc.). Pollutants can also be
divided into primary pollutants which are emitted directly. and secondary pol-
lutants which are created by chemical transformations in the atmosphere. Thus.
thig Chapter deals with the variety of atmospheric pollutants. their influence on
the human health and environment. The standard concentration of pollutants
in air atmospheric is also shown. Moreover, the methods of their detection and
measurements are presented.

1.1 Atmospheric pollution

In both developed and rapidly industrialising countries. the level of atmo-
spheric pollutants has been observed to arise: it originates from the combustion
of fossil fuels such as coal for domestic and industrial purposes. As a result of
changing fuel-use patterns. the increasing use of cleaner fuels such as natural
gas, and the implementation of effective smoke and emission control policies the
level of one of the major atmospheric pollutant, sulphur. has diminished. How-
ever. petrol and diesel-engined motor vehicles emit a wide variety of pollutants,
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principally carbon monoxide (CO), nitrogen oxides(NQO, ), volatile organic com-
pounds (VOCs) and particulates, which have an increasing impact on urban
air quality. Therefore. in hoth developed and developing countries, the major
threat to clean air is now posed by traffic emissions.

Additionally, NQ, takes place in photochemical reactions resulting in the
formation of ozone. a secondary long-range pollutant, which may impact in
rural areas often far from the original emission site.

1.1.1 Major pollutants

The principal pollutants produced by industrial. domestic and traffic sources
are as follows [44]:

Sulphur Dioxide (SO,)

It is a corrosive acid gas which combines with water vapour in the atmosphere
and produces acid rains. It has been implicated in the damage and destruction of
vegetation and in the degradation of scils, building materials and watercourses.
S0, in ambient air is also associated with asthma and chronic bronchitis. The
principal source of this gas is power stations burning fossil fuels which contain
sulphur. Now. major SOs problems only tend to occur in cities, in which coal
is still widely used for domestic heating., in industry and in power stations.
As some power stations are situated far away from the cities. SOy may affect
air quality as well in rural as in urban areas. In most European countries.
S0 pollution is no longer considered as a significant threat to health since the
general decline in domestic coal burning in cities and in power stations.

Particulate Matter (PM)

It is airborne particulate matter which varies in physical and chemical com-
position. source and particle size. They can be small enough. like PM,4 particles
less then 10 gm, to penetrate deep into the lungs and so potentially pose signif-
icant health risks. Larger particles normally are not inhaled and are removed
relatively efficiently from the air by sedimentation. But they create dirt. odour
and visibility problems. There exist the primary particulate matter (those emit-
ted directly into the atmosphere] and secondary (those formed or modified in
the atmosphere from condensation and growth). A major source of the pollution
of primary particles are combustion processes. in particular diesel combustion.
Secondary particles are typically formed when low volatility products are gen-
erated in the atmosphere. The atmospheric lifetime of particulate matter is
strongly related to particle size. it may be 10 days for particles of about 1 ym
in diameter.
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Carbon monoxide (CO)

It is produced almost entirely from road traffic emission. It is a toxic gas
which is emitted into the atmosphere as a result of combustion processes. it may
be also formed by the oxidation of hydrocarbons and other organic compounds.
CO may reduce the oxygen-carrying capacity of the blood. The CO atmospheric
lifetime is a period of approximately one month but it is eventually oxidized to
carhon dioxide (CO,).

Nitrogen Oxides NO and NO;

They are formed during high temperature combustion processes from the
oxidation of nitrogen in the air or fuel. The principal nitrogen oxide released
into the atmosphere is nitrogen oxide (NO] and forms from reaction with ozone
or pxygen, nitrogen dioxide (NOz). The principle source of NO and NQs is road
traffic. which is responsible for approximately half the emissions in Europe.
Thus. NO and NOs concentrations are greatest in urban areas where traffic is
the biggest problem. Other sources are power stations and industrial processes.

Nitrogen dioxide is a molecule constituted of two atoms of oxygen and one
atom of nitrogen. the angle between two atoms of oxygen is 134.3 ° and the
distance between oxygen and nitrogen atoms is equal to 119.7 pm. Figure 1.1
shows the scheme of NOs molecule [41].

119.7 pm

00
134.3

Figure 1.1: Representation of the molecule of NOs.

It exists in the forms of NOy, NO; and NOJ, the O-N-O angle changes
with the form being equal to 180 ° for NQJ and 115 ° for NO;. Also. the N-O
distance modifies, being equal to 115.4 pm for NQ; and 123.6 pm for NO;.

Nitrogen dioxide has a variety of environmental and health impacts. It is
a respiratory irritant and may exacerbate asthma. In addition. it is a strong
oxidizing gas with characteristic odour. At elevated concentration levels (more
than 200 pg.m=3), NQ, is strongly toxic. The elevated levels occur in urban en-
vironments under stable meteorological conditions because the airmass is unable
to disperse it. Moreover in the presence of sunlight. it reacts with hydrocarbons
to produce photochemical pollutants such as ozone. Additionally. nitrogen ox-
ides have an atmospheric lifetime of around one day with respect to conversion
to nitric acid (HNO3). The nitric acid is directly deposited to the ground or
transfers to aqueous droplets (e.g., cloud or rainwater), as resulting in a contri-
bution to acid deposition.
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Ozone (O3y)

Two types of ozone are known. The first is the stratospheric one (on the
level from the ground to between 15 and 35 km with concentration around 10
ppm] which protects us from some ultraviolet (UV) radiation. The second type
is the ‘ground level’ ozone: it is an atmospheric secondary pollutant produced
by reaction between nitrogen dioxide. hydrocarbons and sunlight. Ozone is a
strong oxidant and strongly reactive chemical. It is capable to attack surfaces of
fabrics and rubber materials. It is characterized by blue colour and strong odour.
Ozone can irritate the eyes and air passages causing breathing difficulties.Alsa
it may increase susceptibility to infection. Moreover, it is very toxic to some
crops. vegetation and trees.

The formation of ozone is with participation of nitrogen dioxide by photo-
chemical reaction:

NOy+h v—>NO+O (1.1)

The products of that photochemical reaction are nitrogen oxide and atomic
oxygen. This atomic oxygen can combine with molecular oxygen and creates
ozone:

O+0y, > 03+h-v (12)

However, the ozone pollution level is not as high in urban areas (where high
levels of NO are emitted from vehicles) as in rural ones. by reason of decomposing
ozone by nitrogen oxide into forms oxygen and nitrogen dioxide:

NO+O3 3+ NOs+Os+ h-v (1.3]

As sunlight energy causes ozone formation. near-ultra-violet radiation dis-
sociates stable molecules to form reactive species known as free radicals. Thus.
in the presence of nitrogen oxides, these free radicals catalyse the oxidation
of hydrocarbons to carbon dioxide and water vapour. Partially oxidized or-
ganic species such as aldehydes, ketones and carbon monoxide are intermediate
products. with ozone being generated as a by-product. Since ozone itself is
photodissociated to form free radicals. it promotes the oxidation chemistry and
so catalyses its own formation. So. the elevated levels of ozone are generally
observed during hot. still. sunny, summertime weather in places where the air-
mass hag previously collected emissions of hydrocarbons and nitrogen oxides
(e.g., urban areas with traffic]. The ozone pollution or ‘summertime smog’ may
have a lifetime of up to several days and be transported over long distances.

Ammonia (NH;)

It occurs naturally in the rural zones as a product of natural decomposition
of organic matter. Under unusual conditions it can reach dangerous concentra-
tions. Ammonia is also produced by the reaction of hydrogen with nitrogen.
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About 80% of the ammonia is used in fertilizers. It is also used as a refrigerant
gas. It can be found in manufacture of plastics. explosives, pesticides. other
chemicals (e.g., as a corrosion inhibitor, as a component of household clean-
ers. in the pulp and paper. metallurgy. rubber, food and beverage. textile and
leather industries] and of pharmaceuticals. Ammonia is a colourless gas with
a very distinet odour but it can be dissolved in water. Once exposed to open
air. liquid ammonia quickly turns into a gas. Inhalation of ammonia may cause
nasopharyngeal and tracheal burns. bronchiolar and alveolar oedema. or airway
destruction resulting in respiratory distress.

Hydrocarbons
There are two main groups of hydrocarbons:

s volatile organic compounds (VOC), with its two most important repre-
sentants: benzene and 1,3-butadiene. Benzene is an aromatic VOC, with
a chemical structure of six carbon and six hydrogene atoms. is a minor
constituent of petrol (around 2% by volume). So, the main sources of this
pollutant in atmosphere are distribution and combustion of petrol. Ben-
zene is emitted also as a product of the decomposition of other aromatic
compounds. As for 1,3-butadiene. its molecule comprises four carbon
and six hydrogen atoms. At ambient temperature. it is a gas and trace
amounts can he found in the atmosphere that we breathe. Benzene and
1,3-butadiene derive mainly from the combustion of petroleum in motor
vehicle engines and from other sources such as fossil fuels and accidental
fires. They are also known as a human carcinogen.

s polycyclic aromatic hydrocarbons (PAH) that mainly include Toxic Or-
ganic Micropollutants (TOMP)] which are produced by the incomplete
combustion of fuels.

Lead (Pb) and heavy metals

They are in form of particulates in air. They result from activities such
as fossil fuel combustion (including vehicles), metal processing industries and
waste incineration. Lead is the most widely used non-ferrous metal and has
a large number of application in industry like world-wide industrial use in the
manufacture of hatteries (60-70% of total consumption of 4 million tons) and it
is also used in paints. glazes. alloys. radiation shielding. tank lining and piping.
Lead is a cumulative poison to the central nervous system. particularly to the
mental development of children.

Acid deposition

It may be either wet or dry. It contains of compounds resulting principally
from the SO5 and NO, oxidation and from fossil fuel combustion. Acidification
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of environment (water and soils] has got a consequent impact on agriculture,
forestry and fisheries.

1.1.2 Pollutant emission

Ag the number of vehicles and international transport increases every year
with the development of the countries. this results in increase in level of four
major pollutants (SOy, NO,, VOCs and ammonia) responsible for acidification,
eutrophication and formation of ground-level ozone. Thus. the Table 1.1 shows
the percentage part of emitted pollutants from transport in global emission of
these pollutants.

Table 1.1: The % of emitted pollutants from the transport in global emnission
f42].
Polluant CO, | CO | NO, | SO: | Hydrocarbons
Emission (%) | 33 | 26 | 52 6 22

Especially in the cities under stable meteorological conditions where the
airmass is unable to disperse the produced by automobiles pollutants. estab-
lishement of the maximum concentration limit of each pollutant is necessary.
Table 1.2 shows the maximum concentration limit for the major pollutants
present in atmospheric air. In case of overflow the concentration limit of NQ,,
hydrocarbons and Og, the public is supposed to be informed.

Table 1.2:  The norms of pollutant concentration [3].

Pollutant Limit concentration Comments
(pg.m~?)
CO = 10 000 Average concentration per 8 hours
NO, = 200 Average concentration per hour
50, = 300 Average concentration per hour
Hydrocarbons .
}(Bonzono)l =5 Average concentration per year
PM = B Average concentration per day *
O3 = 180 Average concentration per hour
* supposes not overflow 35 days per year
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1.1.3 European Commission and air quality
One of the aims of European Commission (EC) for air quality is:

‘Protecting, preserving and improving the environment for present and future
generations, and promoting sustainable development.’

Ag air pollutants are transported in large quantities across national bound-
aries. individual country connot in general meet the air quality objectives within
their territory by national action alone. Thus. the detection and concentration
measurement of pollutants in air atmosphere have become extremely important
for environmental protection and industrial process analysis and have been one
of Europe’s main political concerns since the late 1970s.

The control of emissions from mobile sources, improving fuel quality. pro-
moting and integrating environmental protection requirements into the trans-
port and energy sector are part of the aims of European Union policy on air
quality. This is why the Establishment of National Emission Ceilings was set
to limit acidification. eutrophication and formation of ground-level ozone. The
Directive 2001/81/EC of the European Parliament and the Council on National
Emission Ceilings for certain pollutants (NEC] set upper limits for each Mem-
ber State for the total emissions in 2010 (see Tahle 1.3) of the four pollutants,
which are 5Os, NO,, VOCs and ammonia. These national emission limits are
designed with the aim of broadly meeting the interim environmental objectives
set out in Article 5 [43].

Basged on the provisions of the Directive. Member States are obliged to report
each year their national emission inventories and their projects for 2010 to the
European Commission and the European Environment Agency. They shall also
draw up national programs in order to demonstrate how they are going to meet
the national emission ceilings by 2010. The first year for drawing up national
programs was 2002. There are currently no EC standards for metals other than
lead. although several are under development.

1.2 National organisation networks of air quality

To follow the obligations of European Commission. each European country
has got its own network of air quality monitoring. The associations for air qual-
ity measurements are structured differently in each country. Thus. this section
deals with the national organisation network sof quality air measurements in
France and Poland.

1.2.1 French national organisation network

French regulations on the preservation of air quality are mainly defined by
the French law on ‘Air Quality and the Rational Use of Energy’ (LAURE) dated
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Table 1.3: National Emission Celings for SOy, NO,, VOC and NH,, to be
obtained by 2010 (in kilotons) [{3].

Country S50, | NO, | VOC | NH;
Austria 39 103 159 66
Belgium 99 176 139 74
Bulgaria 836 | 247 175 108
Cyprus 39 23 14 a
Czech Republic 265 | 286 220 80
Denmark 55 127 &5 69
Estonia 100 60 49 29
Finland 110 | 170 130 31
France 375 | 810 | 1050 | 780
Germany 520 | 1051 | 995 550
Greece 523 | 344 261 73
Hungary 500 | 198 137 90
Ireland 42 65 55 116
Ttaly 475 | 990 | 1159 | 419
Latvia 101 61 136 44
Lithuania 145 | 110 92 84
Luxembourg 4 11 9 7
Malta 4 3 12 3
Netherlands 50 260 185 128
Poland 1397 | 879 800 468
Portugal 160 | 250 180 90
Romania 918 | 437 523 210
Slovakia 110 | 130 140 39
Slovenia 27 45 40 20
Spain 746 | 847 662 353
Sweden 67 148 241 b7
United Kingdom | 585 | 1167 | 1200 | 297
‘ EC27 H 8297 ‘ 9003 ‘ 8848 ‘ 4294 ‘

30" September 1996, The aim of this law is to ‘implement the recognised right
of each person to breathe air that is not harmful to their health® [3,45]. The local
region Atmao associations, created in the name of this law, aim to measure and
monitor certain air pollutants over all the regions. in particular in urban areas.
There are around forty Atmao located in the different regions in France (see Fig.
1.2). In the case of Clermont-Ferrand, it is Atma Auvergne. These associations
are governed by the French law and constitute the monitoring network approved
by the Ministry of Ecology. Atma are members of the federation of the forty
approved French Air Quality Monitoring Associations (AASQA) group.
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Figure 1.2: Location of the Atmo sites in France [3].

Among all the pollutants, Atma mainly measures pollutants targeted by Eu-
ropeah and French regulations or draft regulations setting concentration thresh-
olds. The main gaseous pollutants measured are sulphur dioxide. nitrogen diox-
ide. ozone, carbon monoxide. certain volatile organic compounds. particles in
suspension (PS), lead and heavy metals. Moreover. Atma associations conduct
analysis of pollen concentration in air and measurements of the radioactivity.

Basic aspects of pollutants detection and measurements

In principle, the Atma stations of air quality monitoring localized in the
urban areas mainly. consist of air pollutant analysers or passive diffusion tubes.
There exists a variety of methods used in commercial analysers. Usually, one
commercial analyser embodies of one method adapted to detect and measure
the concentrations of target pollutant. The methods corresponding to measured
gases are normalized and are collected in the Table 1.4. The standard unit
of pollutant concentration is the pg.m™3 and the concentration measured by
the analyser is expressed in ppm or ppb. Table 1.5 represents the calculated
concentration of 1 pph of detected major pollutants at 25 °C.

Analysis method of pollutant detection

The normalized methods used in analysers are as follows:
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Table 1.4:  Analysis methods for different air pollutants [5].

Pollutant Analysis method
CO IR absorption
SOq UV fluorescence
NO, Chemi-luminescence, passive diffusion tube
O3 UV photometry, passive diffusion tube
VOC Flame ionisation and photometry, passive diffusion tube

Table 1.5: Calculated concentrations for 1 pph of gas molecules.

Gas | 1 ppb of gas expressed in pg.m™>
CO 1.1
504 2.62
NO 1.23
NOs 1.88
O3 1.96

e CO detection by IR absorption: this method is based on the infrared

(IR) ahsorption properties of CO molecules. The sample of air analysed
by this method is introduced into the measuring cell. While TR light
passing through the measuring cell. which contains CQO. all the waves
corresponding to the CO absorption specific wave are absorbed by CO
molecules. After IR passage. the light is collected by photodetectors.
The detected IR spectrum is compared with the reference spectrum. Its
difference is a function of CO concentration. This analysis is characterized
by a measurement range from 0 to 200 ppm and a response time of 20 s.

measurements of SO, by UV fluorescence: this method consists of
light excitation (with a wavelength equal to 214 nm] of the SO5 molecules:

SO+ h-v — SO; (1.4)

The return of the excited molecules of sulphur dioxide SO to their ini-
tial state is accompanied by the fluorescence phenomenon. This analyser
works in the measuring range from 0.05 to 10 ppm and its response time
is around 20 s.

NO, analysis by chemi-luminescence: this method involves in the
first step the oxidation of NO molecules. The sample of air. which contains
NQO; and NO molecules, is introduced into the measuring cell with Oz and
the oxidation of the NO molecules takes place:

NO + 03 < NO% + O (1.5)
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In thig reaction the excited molecule of nitrogen dioxide is produced.
While return to its initial state. the molecule emits the wave light with a
length hetween 600 and 1200 nm (chemiluminescence). This light intensity
is measured by photointensifier and is proportional to the NO concentra-
tion in analysed air sample. In the second step. in parallel. the second air
sample is introduced in the molybdenum catalytic oven where the reduc-
tion of NOs molecules into NO is obtained. After that. the concentration
of NO is measured by chemiluminescence. The difference hetween the NO
concentration measured in the first and the second step gives the total
NQO, concentration in the investigated air sample. In this method, the
meagurement range is from 0 to 10 ppm and the measurement duration is
around 30 s.

O; analysis by UV photometry: this method is based on the UV
absorption spectrum of the molecules of ozone. in general with wavelength
from 200 to 320 nm: the maximum of absorption is at 253.7 nm. The UV
light passes through the measuring cell and is collected at the end by the
photodetectors. In the measuring cell, two different samples of analysed
air are introduced. The first one is free from ozone contamination hecause
of using gas filters to purify air. the second one is the air to analyse. After
a comparison of the detected UV light passed through the air sample
with and without ozone contamination. the ozone concentration could be
obtained. This analyser allows for a measurement range from 0 to 10 ppm
and for a measurement duration of around 20 s.

VOC detection by photometry and flame ionisation: this method
uses a selective adsorbent; the sample of air is introduced into the tube,
which contains a selective adsorbent where the adsorption process takes
place. After the desorption by heating of the capillary tube. the chro-
matographic separation of desorbed compounds is realized. Finally, the
detection of the compounds is carried out by the flame ionisation detector
or flame photometry detector.

The detection by flame ionisation consists of the decomposition of organic
molecules into ions. The compounds coming from the tube are mixed
with hydrogen and pass through the flame where the ionisation process
takes place. The ions are captured on the polarised electrode and the
signal electric produced by capturing the ions is proportional to the gas
concentration. This method is very sensitive to gases like methane (CHy)
or ethane (C;Hg).

The detection by flame photometry allows for the sensitive and selective
measurements of the sulphurous and phosphorus compounds. The detec-
tion principle is to excite the sulphurous or phosphorus compounds by
flame intermediation. After., in the tube equipped with a photomulti-
plier, the measurements of the chemiluminescence emission are done. The
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chemiluminescence emission is characteristic for each compound and is
proportional to its concentration. The measurement range is from 100 to
1000 ppm and the response time is around 20 s.

e passive diffusion tube: in this method. the pollutant molecules diffuse
into the diffusion tube through an air column. This column is permeable
for the passing molecules up to the moment when they are trapped by
a specific adsorbent. The evaluation of target pollutant concentration is
done in the laboratory where reaction products hetween target pollutant
and its adsorbent are investigated. Table 1.6 represents the different sub-
stances used in measurements and their correspondent among pollutants.

Table 1.6: Specific absorbents and their corresponding pollutant used in
passive diffusion tube [5].

Pollutant Adsorbent
50, Carbonate of potassium + glycol
NO, Triethanolamine
O3 1.2 di{peridyl)ethylene
Benzene, toluene Active carbon

Table 1.7:  Thresholds used to define index levels based on requlatory criteria
on air quality [3].

NO, scale ‘ SO, scale | O3 scale PS
Average daily
Sub- : i i concentrations
indoxas Indexes Average of the hourly maximumn for the various sites for the varions
sites
ng/m? ppb png/m? ppb ng/m? ppb ng/m?
1 Very good | 0- 29 0-15 0-39 0-15 0-29 0-15 0-9
2 Very good | 30-54 [ 16-28 40-79 16 - 30 30-54 16 - 27 10-19
3 Good 55-84 | 29-44 80-119 | 31-45 55-79 28-40 20-29
4 Good 85-109| 45-57 120-159 | 46-60 | 80-104 | 41-53 30-39
5 Average (110-134) 58-71 160-199 | 61-76 | 105-129 | 54-65 40 - 49
6 Poor 135-164] 72-87 200-249 | 77-95 | 130-149 | 66-76 50 - 64
7 Poor 165 -199| 88-105 | 250-299 | 96-114 | 150-179 | 77-91 65-79
8 Bad 200 -274]| 106 - 145 | 300-399 |115-152( 180-209 | 92-107 80-99
9 Bad 275-399( 146 - 212 | 400-599 |153 -229| 250-359 |127-183| 100-124
10 Very bad =400 =213 =500 =191 2 240 2122 2125
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Figure 1.3: Location of the air quality measuring Atmo sites in
Clermont-Ferrand [3].

Figure 1.4: Atmo panel displaying air quality level installed af Place Galliénz
in Clermont-Ferrand [3].
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Measured pollutants

In September 1997, Clermont-Ferrand became the first French city where
the installation of an urban station network specialized in public information
on air quality took place. Figure 1.3 shows the location of the measuring sites
in Clermont-Ferrand. The pollutant level is displayed by two Atmao panels, in-
stalled at Place Delille and Place Galliéni (Figure 1.4). The displayed Atma air
quality level is based on calculated indexes. Thig information is transmitted by
the central unit and is daily updated [3]. Table 1.7 shows the indexes represent-
ing the air quality level. calculated for the four pollutants SOs, NQ,, O3 and
PS. Used since January 2005, this calculation method is defined by the French
law dated July 2004 governing air quality indexes.

1.2.2 Polish national organisation network

In Poland. one of the organizations for air quality monitoring is the Insti-
tute for Ecology of Industrial Areas (IETU). It is working in collaboration with
the World Health Organisation. U.S. Environmental Protection Agency. U.S.
Department of Energy, EC and European Union. IETU is a research and de-
velopment unit acting under the Polish Ministry of Environment. It has been
functioning under its present name since 1992,

The goal of the scientific and research activities of IETU is to develop basis
for policies and strategies aimed at sustainable development of the environment
of urhanized and industrialized areas [1,2].

Analysis method and the location of air quality monitoring sites

Within the research programs of IETU. the installing of a measuring system
for air quality monitoring in the Polish cities is realized. This system is called
OPSIS and produced by OPSIS AB in Furulund, Sweden [2]. Figure 1.5 shows
photos of OPSIS. OPSIS works on the base of Differential Optical Absorption
Spectroscopy (DOAS).

In this concept. light with a wavelength from 200 to 1800 nm is emitted
from a source tu detector, the distance between them may be from 200 to 2000
m. In the detector. light is sent by a wave guide to the phota analyser. During
the light passage. the ahsorbtion by air pollutants appears. The measured
adsorption spectrum is specific for each air pollutant.

OPSIS was successively installed in cities in the years of 1992-1996 (see
Figure 1.6) and it is used to measure [1,2]:

s urban pollutants emitted from city transport (Warszawa. Bydgoszcz, Poz-
nan, Torun, Tarnobrzeg, Pszczyna),
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¢ the pollutant level emitted in industrial process (Czestochowa, Bielsko-
Biala, Lublin, Czechowice-Dziedzice, Katowice),

s the pollutant level in the urban area (Gdansk, Wloclawek, Plock, Lodz).

(a) The source. (b) The detector.

Figure 1.5: Photos of OPSIS measuring system in Poznan, Poland [2].

)
Gdansk

Bydgoszcz@ _Torun
o Wloclawek
- @ Plok

Poznan ® Warszawa

Lodz
L]

Czestochowa ® Lublin
o

® Tarnobrzeg
Katowice B
[ ]
Pszezyna
¥y Czechowice-Dziedzice
® Bielsko-Biala

Figure 1.6: Location of air-quality measuring sites in Poland.

1.2.3 Problematics of analysis used in air quality

In conclusion. measurements of concentration of air pollutants obtained by
different commercial gas analysers or OPSIS measuring system are selective
and insensitive to interfered gases. Moreover, the obtained gas concentration is
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Figure 1.7: Phthalocyanine based sensor response toward atmospheric
pollutants at 50 “C' [14].

measured very precisely and in real time. instead of diffusion tubes. However,
commercial analysers and measuring systemns suffer from many inconveniences
like their dimensions and weight. Moreover, gas analysers work at constant tem-
perature and they need a special treatment like regular calibration. which results
in increase in their cost while using. All commercial gas analysers are rather
expensive and employ more and more complicated technology of measurements.

As an alternative, diffusion tubes are rather cheap but the pollutant concen-
tration needs to be obtained in laboratory conditions. Thus. the pollutant con-
centration is the average of the concentration measured during the measurement
period. Additionally, tube measurements are sensitive to climatic variations.

All the inconveniences of commercial solutions indicate that the use of other
methods in air quality preservation seems to be a necessity. Thus. collabora-
tions among different universities and laboratories are established. One of the
results of these collaborations is the use of chemical gas sensors on the hase of
phthalocyanine and indium phosphide (InP) as sensitive materials. It was real-
ized within the frame of the projects between Atma Auvergne and the research
group of gas sensors under direction of A. Pauly of Blaise Pascal University. The
novel resistive and Schottky-type [14.15.19] InP based sensors were fabricated
and successfully tested in outdoor applications [14.15,26]. Figure 1.7 represents
obtained results for a phtalocyanine based sensor.
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1.3 (3as sensors

Gas sensitive materials used as gas sensors are various: from metals as the
catalytic gate, through crystalline and molecular semiconductors. to insulators
implemented in different transistor structures. Thus. in this section. a short
survey through used materials as gas sensors and their characteristic features is
presented.

1.3.1 Gas sensor characterization

Chemical gas sensors are characterized by different important parameters as
follows:

e selectivity : it is the ability of gas sensor to distinguish target gases
from the gas mixture. Usually. sensors are selective to a certain category
of gases like oxidizing gases or reducing ones.

¢ sensitivity : it is the ratio between the sensor signal output variations AS
and variations of the measured quantity AC. In the case of gas pollutants.
(' is the gas concentration.

AS
S= lm — 1.6
ac—0 AC (1.6)
The maximum of the sensor sensitivity is obtained when small variations

of the gas concentration produce a maximum of signal output fluctuation.

e response time : it is the amount of time required to process the signal
response from the sensor initial contact with the gas. In practice. it is the
sensor signal rise time from 10 to 90% [46].

s reversibility : it is the ability of the gas sensor to return to its ini-
tial state once the gag action is finished and the target gas is not at the
reach distance of the gas sensor. This parameter is directly linked to
the reversibility of physical or chemical reactions. It influences the repro-
ducibility of results.

¢ reproducibility and stability : they are parameters describing the gas
sensor ahility to stay stable in the time. Moreover. sensing parameters
are supposed not to change as a function of number of exposures to gas.
In the case of the chemical gas sensor. this criterion is very difficult to
implement because it may suffer from gas poisoning and as a result, the
ageing effect is observed.

e recovery time : it is the necessary time for the gas sensor to return to
its initial state.
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s resolution : it is the necessary concentration quantity of air or gas that
produce a visible sensor device signal.

e range of measurements : it is the range of the gas concentration for
which the produced sensor signal is exploitable. In the case of air quality
monitoring especially regarding oxidizing gases, the sensor used is sup-
posed to have a range of measurements from few pph to 1 ppm.

e distance : it is the maximum distance where the sensor can be positioned
and still give a usable signal when gas is released from the source.

The important operating paranieters, which are also considered in gas sensor
technology. are temperature and humidity.

1.3.2 Chemical gas sensors

A chemical gas sensor is a sensor in which the interactions hetween a sensitive
material and gas molecules are chemical ones. Chemical interactions may take
place on the surface of sensitive material or at the interface of the gas sensor
structure. They produce a sensor signal. which can be represented as electrical.
optical or acoustic changes [4].

Ouly three sorts of gas sensors using materials in solid phase lead to indus-
trial developements [13]:

Catalytic sensors

These sensors are small calorimeters used to measure the energy released
from the catalytic oxidation of reducing gas species (Qyeqetion) 1N air at the
surface of heated sensor. The example of an catalytic sensor with platinum
or palladium as an catalytically active metal is presented in Figure 1.8. They
are usually operated in a Wheatestone bridge arrangement with an inactive
reference sensor. The sensor response may be chosen as the change in the
temperature monitored by the resistance change. Those sensors need oxygen to
work and they present a weak selectivity hecause they are sensitive to almost all
of the hydrocarbon species. They are mainly used in safety control applications
to detect methane.

Electrochemical sensors

These sensors are based on one or several electrodes. When there is a modi-
fication of the concentration of the active species at the surface of electrodes or
at the membranes covering electrodes exposed to atmosphere. a displacement of
charges and then generation of an electric field between surface and the bulk take
place. Equilibrium is reached when diffusion forces, caused by species gradient
become equal to electric forces [13]. The typical principle of electrochemical
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Figure 1.8: Diagram of an catalytic sensor to detect reducing gasses [{].

«— Gas sample +

I Co, l co

Diffusion barrier

Anode
,®' Electrolyte
. —e
H,S0,
Cathode —m
T %0, Reference gas T 120, Reference
electrode

Figure 1.9: Schema of an electrochemical sensor [{].
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Figure 1.10: Diagram of a solid state electrolyte sensor [{].
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sensor is the CO sensor with liquid electrolyte between electrodes (see Figure
1.9). Tt detects CO in air with two or three electrodes. Its operation is based
on the electrocatalyctic reaction between CO and O, molecules to form COs.
The CO oxidation occurs at the anode. the O reduction at the cathode. The
rate-determining step in the overall reaction is controlled by the diffusion of CO
molecules from the diffusion barrier to the surface of the anode where the fast
oxidation of CO molecules takes place. Since the activity gradient between the
diffusion barrier and the anode itself is proportional to the partial pressure of
CO, the reaction rate. hence the current (sensor response), is a linear function
of the CO pressure.

The other example of electrochemical sensor is gas sensors based on ZrOs
doped with Y203 to measure the oxygen partial pressure, e.g., in a car exhaust.
Figure 1.10 shows the schema of a solid state electrolyte sensor. The solid
electrolyte exibites high bulk conductivity of O3 ions. The porous platinum
electrodes make possible the dissociation of molecular Oy from the gas phase
and the electron transfer between the cathode and the anode. At a constant
temperature and a constant oxygen partial pressure in the reference gas (usually
air), a potential is generated in the concentration gradient between the anode
and the cathode. The potential is determined by the difference in chemical
potentials of Qs between the exhaust and the constant phase.

In principle, this sensor can be used for the detection of all electrochemical
active species which can be oxidized or reduced at a particular potential. This
potential is characteristic for a specific electrode and a chemical component.

Semiconductor sensors

The main types of semiconductor sensors - called also electronic ones - are
the conductance or resistance sensors. They are used for monitoring both reduc-
ing and oxidizing gases. Materials used for electronic sensors are semiconductors
(e.g., metal-oxides, molecular semiconductors, I11I-V semiconductors). The sig-
nal output is the electronic conductance or resistance changes, which are usually
measured between ohmic contacts (see Figure 1.11). The response value is deter-
mined by competitive electronic charge transfer reaction hetween gas molecules
or adsorbed ions and the sensitive material. As a result of this reaction. a change
occurs in the electron density and. following. in the conductance or resistance
of the sensitive material. The definition of an electronic sensor also includes
Schottky-diode or Metal Oxide Semiconductor-diode (MOS) sensors with their
capacitance as a sensor signal. which is monitored with alternating currents.
The general sensor responses of these sensors may be also characterized by a
change of the frequency-dependent conductance (or admittance).

The other sensor structures not industrialized yet. were also developed:
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Field effect chemical sensors

These are the gas-sensitive devices typically based on Gas-FET. Monitored
gases are for example Hy, Qs, Hy O, CO, etc. In the case of hydrogen mea-
surements. the H atom induces modifications in the electrical double layer at
Pd/Si0, interface which can be monitored by a drain-source current change
through n-conducting channel (see Figure 1.12). The value of the drain-source
current is usually adjusted at a certain level by an electrical field E. F is per-
pendicular to the channel. which is generated by a positive voltage at the Pd
gate. Adsorption and dissociation of Hy at the Pd surface and subsequent dif-
fusion of H atoms to the Pd/Si0; interface lead to the formation of surface and
interface dipoles. These dipoles modify the conductance of the n-type channel at
a given voltage. For the concentration monitoring of ions or adsorbed oriented
dipoles. the Ion-Sensitive Field-Effect Transistors (ISFETs) were developed. In
thig case. the metallic gate of Gas-FET is replaced by the liquid and a reference
electrode is added.

Lately. the great interest is concentrated on nano-structures and advanced
FETs for gas sensing. The most promising are based on ITII-V semiconductors
and nitrides ITI-N because of such advantageous features of these materials like
superh electron transport properties with high surface sensitivity, the variety of
materials, the possibility to miniaturize into a chip and co-integrate with signal
processing and communication circuits [47]. Figure 1.13 shows an example of a
novel hydrogen and liquid-phase sensors formed on AlGaN/GaN heterostructure
(HFET) [18,48]. The first structure is a Shottky diode with a Pd ring and the
second one is an open-gate FET.

Mass-sensitive sensors

These sensors are the quartz microbalance sensors coated with a chemically
sensitive layer. They are using the surface or bulk acoustic waves (SAW or
BAW) generated and detected on the piezoelectric substrate. These devices
make possible a sensitive weighting of mass changes upon adsorption of particles
from the gas or liquid phase. It leads to a shift of the resonance frequency. It
may be monitored as a difference signal compared with a uncoated quartz.
SAW and BAW devices have similar responses. The difference is in operation
frequencies. SAW osciliator may be designed for 100 MHz, which is much higher
than BAW frequency of about 10 MHz [13].

Figure 1.14 shows a standard design of an SAW gas sensor. This is a sensor
based on the electrode configuration where one is a reference electrode and the
other is generally with the sensitive material to adsorption of analysing gases
hetween electrodes. In the case of the sensor showed in Figure 1.14 electrodes
are in form of interdigital transducers (IDTs) photolitographically etched on the
quartz surface. As an input signal serves the radio-frequency RF voltage. RF is
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Figure 1.14: Schema of a SAW sensor [13].

applied across transmitter IDTs which induces deformation in the piezoelectric
substrate. These deformations create the acoustic surface waves. The acoustic
waves pass from transmitter to detector. When changes in mass on the sensitive
material due to an adsorption phenomenon take place. the shift of SAW device
resonant frequency is observed.

Optochemical sensors

These sensors are hased on the spectroscopic detection of molecules by a
‘fluoresensor’. Absorbed light excites molecules, which are deactivated by emis-
sion of characteristic fluorescence radiation. This radiation is monitored by a
photodetector. Such sensor that embodies organic material as a sensitive part
is used in detection of VOC.

1.3.3 Sensitive materials

Among the variety of materials used in chemical gas sensor technology, the
best known are electrolytes and semiconductors. i.e., metal-oxides. molecular
semiconductors, I1II-V semiconductors. In this section a short survey through
these sensitive materials as well as their characteristic features is presented.

Solid state electrolytes

Thig group of sensitive materials may be constituted of a number of ce-
ramic metal oxides. but the most commonly used material as a chemical gas
sensor is zirconium dioxide (ZrO;). ZrQOs is normally an electrical insulator but
when doped with traces of di-or trivalent metal oxides (Y,03) and heated above
600 °C, it becomes conductive due to the presence of oxygen vacancies in the
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crystal lattice. In the case of NO and NQO,, the measurement range extends
from 25 to 450 ppm [5].

Metal oxides
This group consists of three different types of binary oxygen compounds:

e oxides, containing oxide ions O2~, with which metal M form metal oxides

MO;

e peroxides, containing peroxide ions O2~, which contain O—O covalent sin-
gle bonds that form M,Qs;

s superoxides. containing superoxide ions O, which also have O-0O covalent
bonds but with one negative charge less than peroxide ions that form MOs.

Nowadays. the most used metal oxides in chemical gas sensor technology are
tin dioxide (SnO,_,), indium oxides (In,O;), tungsten oxides (WO;_, ), titanium
dioxide (TiO;) and molybdenum oxides (MoO3). Some parameters like the work
temperature and range of measurements for chosen metal oxides. are collected
in Table 1.8.

Table 1.8: Chosen metal ozides and their sensing parameters.

T

[ Gas trati Worki
Pollutant Semiconductor ‘ RS - AT e Reference
range (ppm) Temperature (°C)
]
CO Sn0O; doped with Pd and Pt ‘ 100 300 [10] [
CO, NO,. O; SnO, | 0.1 -100 100 - 600 [49] [
|
I
NO,, 05 I, 05 doped with Fe, O | 0.2 - 5000 70-300 [7] [
|
L MoO;, WO;, TiO, and ‘ i ) _ l
M0, NO,, O - -3
i MoOsz- W05, MoOs- TiO, N | LT [“] |
CO, NO, MoOs, TiO, ‘ 0.5 - 400 300 [6] [
Ly I, 05, In,O3-N10, i I i il )
JO)s s 2 - 0 - ) y
NO,, O I“"“_M““ ‘ 02-1 20 - 400 [8]
' .
g WOs doped with Lol R LU .
SO, S00 200 - 600 50
il Pd, Pt. Cu. Ag. Au, Rh ‘ : ‘ i Ui (] 5

Molecular semiconductors

Among the large number of molecular semiconductors, the typical material
used in sensing technology is phthalocyanine. It is a macrocyclic compound hav-
ing an alternating N-C atom ring structure. Thig molecule is able to coordinate
hydrogen and metal cations in its center. Therefore. a variety of phthalocyanine
complexes exist. Some of the chosen examples and their gas sensor parameters
are collected in Table 1.9.
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Table 1.9: Framples of phthalocyanines used in gas sensing technology.

| T . e
Jas 4 Working
Pollutant | Semiconductor | Oy Vorking L Reference
[ i range (ppm) temperature (°C)
|
NO | NiPc | 5-500 160 [51]
(oouf NN LRSI 10 - 100 25 - 100 [16]
|
NO, ‘ ] 49 100 - 170 [52]
| polypyrrole
NO | Gd(Pe), | 0.25-1 ambient [53]
i (1T s R 5+ 100 ambient [15]
' . !
NOs. O3 ’ CuPc ’ atmospheric 50 [13]
|
O; | NiPe I 0-0.3 ambient [12]

ITI-V semiconductors

In this group of materials. the typical ones used in gas sensor technology
are indium phosphide (InP), gallium arsenide (GaAs), gallium nitride (GaN)
and related compounds. Materials may be in a form of ingots or single crystal
wafers or nano-size structures [18,48]. III-V semiconductors are used as well
as a sandwich structure in field effect chemical sensors and the electronic ones
particularly resistive. Moreover. III-V semiconductors are excellent material
candidates for high performance sensors hecause of their attractive features

[18]:
1. superh electron transport properties with high surface sensitivity:
2. alwide variety of materials:
3. the availability of advanced nano-technology:

4. the possibility to miniaturize into a chip and co-integrate with signal pro-
cessing and communication circuits.

Recently, resistive sensors based on n-type InP epitaxial layers proved great
sensitivity to oxidizing gases of concentration less than 50 ppb. Because of
its monocrystalline structure in comparison with metal oxides and molecular
semiconductors. n-InP active layers have got well defined features like their
thickness. doping level. conductivity, and carrier mobility. Additionally. the
InP layer initial resistance in pure air is observed to he very stable in time.
Moreover. sensors work at temperature less than 100 °C and are characterized
by a fast response time for air quality monitoring [14.15,20,21,22]. However,
many important problems. like the electronic properties of surface states and
their role in charge carrier transport in thin InP films as well as mechanism of
surface Fermi level pinning and its impact on gas sensing parameters are still
under debate.
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1.3.4 Advantages and disadvantages

In conclusion. advantages and disadvantages of different sensitive materials
used as chemical sensors for pollutant detection and measurements. including
the major pollutants like O3 and NO; are collected in Table 1.10. From all
the materialg presented. the sensors based on the InP and phthalocyanine seem
to have the bhest characteristics in air quality applications. firstly hecause of
working temperature. secondly because of the detected gas concentration range.
It has to be noted here that the materials like SnQs, 5104, Al,O4 are often used
as gas sensors with added metal at the surface, that is needed to stabilize sensor
signal. The metal-semiconductor gas sensor structure is very interesting because
of the ionic properties of the semiconductor material (interface potential barrier
strongly depends on the metal electronic work function [49]). The coeflicient S
of these materials goes to 1, S represents the difference of the electronegativity
between cations and anions contained in the semiconductor [50]. The coefficient
S of InP goes to 0.3 (it means that the potential barrier is rather not dependent
on the metal electronic work function) [50], however, the use of simple resistive
InP gas sensor shows its great sensitivity to very low NQ, concentrations [20,
21,22]. Thus. in spite of existence of native oxide layer that causes the great
density of surface states and Fermi level pinning and is responsible for small
coeflicient S, the InP resistive sensors are very sensitive and their sensor signal
is very stable in the time.

Moreover. the great advantage of InP over the phthalocyanine and the other
material is a possibility to on-chip miniaturization and co-integration with signal
processing and communication circuits. This is why the main aim of this Thesis
is a thorough characterization of the sensing. electronic and chemical properties
of the gas sensor based on n-InP epitaxial layers.

Table 1.10:  Characteristic features of sensitive materials.

i : | Gas concentration range i 5
Material | Gas =" | Work temperature (°C)
(ppb)
Solid state electrolytes | NOy | 250 - 450 600
Metal oxides (SnO,) | NOy,, O5 | 100 100
Molecular semiconductors (CuPc) NOy, O 0-300 50
[II-V semiconductors (InP) NOy, O; 20 S0

In conclusion. the variety of pollutants, their impacts on human health and
environment as well as their characteristics are presented. Moreover. different
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methodg of their monitoring and detection are shown and compared. From
this comparison. the chemical sensor based on III-V compounds seems to be
satisfying for detection of atmospheric pollutants. Thus. in the next Chapter,
the electronic properties of ITI-V semiconductor surface and surface phenomena,
particularly for InP will be shown. A survey through the InP-related native
oxides and adsorption process will be also presented. In addition. the ohmic
contacts to a semiconductor and technological aspects of their realization will
be discussed.






Chapter 2

General properties of
semiconductor surfaces

The knowledge of physical and chemical statug of the semiconductor surface
and near-surface region is necessary for understanding the electronic phenomena
in microelectronic structures. Particularly, in the case of devices based on thin
and nano-layers the near-surface region strongly determines the performance
of those devices leading to their instability. leakage currents and surface Fermi
level pinning [28,29,30,37).

One of the important surfaces for technology of modern devices, including
gag sensors, is a free surface of semiconducting compounds. such as gallium
arsenide. indium phosphide and their ternary and quaternary alloys. which is
covered by native oxides. The oxide layer is responsible for the high density
of interface states and. therefore. completely changes the characteristics of the
near-surface region in comparison with those in the bulk [57,58]. Generally. a
native oxide layer is produced during exposure of the freshly processed surface
to ambient conditions. After removal of the native oxide and exposition to air,
these surfaces exhibit a very fast re-growth of native oxide layer [59]. Therefore.
the characterization of native surfaces is particularly important to understand
the sensing mechanism in III-V compound based gas sensor devices since the
gag action takes place firstly on the surface. In this context, the studies of the
surface state density distribution in the energy bandgap as well as their chemical
and structural origin is of great importance.

2.1 Semiconductor surface

A semiconductor surface is the boundary hetween periodical distribution of
the potential in the solid bulk and non-periodical distribution of the potential
in solid environment. LE. Tamm and W. Shockley [57,56,60] proved that the
termination of a periodical one-dimensional potential at the semiconductor sur-
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face gives rise to a new type of energy states. These states are described hy
a wave function with the maximum of probability density at the surface and
decaying in the solid bulk.

In order to achieve the minimum surface free energy condition and taking
into account the existing environment among solids (gas pressure. temperature],
two processes can appear at the surface. On one hand. the surface reconstruc-
tion is when surface atoms or molecules change their position and the surface
atom configuration is completely different from that in the bulk. On the other
hand. physical or chemical adsorption processes may appear. The surface recon-
struction and adsorption processes lead to a change of periodical distribution
of the potential by appearance of vacancies and stresses. In consequence. in
the surface reconstruction case the intrinsic surface states are created and the
non-intrinsic surface states in the case of adsorption [56,60].

It should be stressed that the surface states cause usually many undesirable
effects in the technology of semiconductor devices as surface recombination of
charge carriers. reduction of luminescence efliciency. electrical breakdown and
Fermi level pinning. Furthermore, surface states play the main role in the gas
sensing process which starts at the semiconductor surface.

Table 2.1: Charge of surface states [61].
Kind of state | Empty state | Occupied state
Acceptor-like 0 -

Donor-like + 0

Considering the charge feature of different surface states. one can classify
them in two groups: anti-bonding acceptor-like states and bonding donor-like
states. As it is shown in Table 2.1, the acceptor-like surface state is neutral
if empty and negatively charged if occupied. The behaviour of the donor-like
state case is different; it is positively charged if empty and neutral if occupied.
It should be mentioned that states derived from the conduction band can be
treated like acceptor-like states. and states from the valence band like donor-like
ones [61].

The development of the theory of surface states connected with experimen-
tal results of adsorption in controlled conditions allows to understand the rela-
tionship between surface phenomena and the surface band bending as well as
creation of the surface space charge @Q,. (see Figure 2.1 where Ep represents
the energy location of bulk donors). The existence of surface states creates an
electric field F. This field shifts all bulk energy levels with respect to the sur-
face. resulting in the surface band bending that is equal to ¢ - V, where ¢ is the
absolute value of the elementary charge and V, is the surface potential. In the
case of an n-type semiconductor the assumed acceptor-like surface states give
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rise to the negative charge transfer from the semiconductor bulk to the surface
states, which hecome ionised negatively (see Figure 2.1).

According to the charge neutrality rule in a semiconductor under thermal
equilibrium, the negative charge in surface states ¢J,, is balanced by the positive
surface space charge in the near-surface region ¢J,.. As a result. the near-region
surface exhibits a different concentration of free carriers than that in the hulk.
In the case where the concentration of majority (J,. carriers is lower than the
bulk one. the space charge region is called a depletion layer. In the situation
where the surface band bending is so large that for n-type semiconductor. the
hole concentration near the surface is larger than the electron hulk one. such a
region is called an inverted layer [60]. When surface states are donor-like and
lie ahove the Fermi level energy. electrong tend to leave them and the surface
becomes positively charged. In the surface-space charge region, the major carrier
concentration is larger than in the bulk and this region is called an accumulation
layer. It should be stressed that an introduction of acceptor-like states above
E or donor-like states below Er does not cause creation of a band bending,.

In the case of the semi-infinite {one-dimensional analysis) non-degenerated
n-type semiconductor under thermal equilibrium with all impurities ionised and
intrinsic carriers neglected, the profile of electric potential V(z) can be calcu-
lated analytically from the Poisson’s equation [58,60]:

4V (e)  —pyle)

de2 =

(2.1)

where:

s p,(z) is the space charge density:
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s ¢ and g are the relative permitivity of the semiconductor and the permi-
tivity of free space. respectively.

The charge density p,(z) is determined by the Boltzmann distribution [56,
57,60,58], and is expressed by the following relationship:

o) = =g oy (VD) ] gy ey (~2:V40) (1} |
2.2

where 1, and p, are the bulk concentrations of free electrons and holes, respec-
tively.

For the low values of the surface band banding:

g-V.<<k-T (2.3)
and for:
q-V
4 = — 2.4
k-T (2:4)
the linear approximation:
exp(Z)~1+2Z (2.5)

can be used for determination of the profile of the electric potential V {z):

Viz) = V. - exp (_%) (2.6)

where the effective Debye length I is a characteristic parameter of the electric
field decay and expressed by the relationship:

gegg- kT

L=,/ —
g* - (ns + pp)

(2.7)

The high surface potential is better approximated by the parabolic depen-
dence of x:

k-T

Ve =g

e —W)Y  Va<W (2.8)
and
Viz) =0 Vz>W (2.9)

W is called a depletion or accumulation layer width (also depletion or accu-
mulation width) and is equal to:

2.g-g9-V
W=, o E s (2.10)
q - (ns+ ps)
The plane at the depth # = L or at ¥ = W from the surface. can be

considered as a boundary between the near-surface region and the bulk [61,60].
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2.2 Models of surface states

The key problem of present approaches in modelling of the semiconductor
surfaces and interfaces is to develop the model of surface states which supposes
to fulfil physicochemical. measurement and technological aspects. The physic-
ochemical aspect is taking into account the physical and chemical nature of
surface/interface states (like existence of the native oxide layer). The measure-
ment aspect is a prediction of the surface/interface state density distribution
shape and an explanation of measurement results of static and dynamic features
of surface states in a consistent way. As for the technological aspect. it is an
indication of the best suitable technological process used. e.g., in passivation of
the semiconductor surface.

Extensive studies of ITI-V semiconductor surfaces and interfaces have shown
that the Fermi level is already pinned at free surface (vacuum semiconductor
or V-S) as well as at insulator-semiconductor (I-S) interfaces and unoptimized
semiconductor-semiconductor (8-S) interfaces. In addition, the strong correla-
tion between the semiconductor substrate and the energy position of pinning
was revealed [37,28]. The Fermi level pinning is usually understood as an im-
possibility to move the surface Fermi level E; beyond a narrow energy interval,
even by applying to the surface an external electric field. A well-known example
is a so-called midgap pinning at clean molecular heam epitaxy (MBE) surface.
The mid-gap pinning is as well observed at air exposed surfaces, I-S and regrown
S-S finterfaces of GaAs. In spite of a long history of research. the main mecha-
nism of the Fermi-level pinning at III-V semiconductor-based surface,interfaces
has not been well established so far.

Thus. the surface state distribution model supposes to fulfil all the aspects
previously explained and to include the Fermi level pinning phenomenon. There
exists two main models of surface states fulfilling those conditions. They are:

¢ the unified defect model (UDM) proposed by W. E. Spicer et al. [62,63];

o the disorder induced gap state (DIGS) model by H. Hasegawa and H.
Ohno [37].

In Table 2.2, basic ideas and a short comparison of main features of discussed
models are presented. As for the Ey pinning. on one hand according to the
UDM. £y position at the semiconductor interface is determined by the energy
of the acceptor-type discrete deep level. in the case of n-type materials. On
the other hand. in DIGS model, Ey is pinned at the so-called charge neutrality
energy level [37].

The UDM is mainly applied for the interpretation of surface electronic phe-
nomena at ITI-V (100) atomically clean surfaces with an oxygen or metal atom
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Table 2.2: Major models of interface states af ITI-V surfaces and interfaces

[97].

Models Origin of Nggq distribution
' pinning states and Ej pinning
El_‘
Deep levels related | Nss4 v
UDM to non-
stoichiometry
storchic A E
Nh‘:qlk
Loss of 2D E
DIGS periodicity W |
at interface . L;
Eno

layer. in the range of coverage from the small fraction of one monolayer to very
thick overlayers [62]. However, the discrete distribution of surface states re-
lated to missing atoms giving rise to surface defects [62,63,64], as proposed in
the UDM., are based mainly on indirect conclusions from XPS and UPS (X-ray
and Ultraviolet Photoemission Spectroscopy]. It should be stressed here that
either standard XPS or UPS are not particularly sensitive to band gap states.
Moreover. in the literature. there is no general agreement ahout the nature and
charge hehaviour of surface defects [38,62,63,64]. Also. there is no direct evi-
dence of the existence of sharp discrete levels in the band gap. In contrary to
UDM model, the U-shaped continuous distribution of surface states with the
well developed minimum near the midgap was experimentally obtained by R.M.
Feenstra [65,66] at the clean and metal covered GaAs (110) surfaces from the
Scanning Tunneling Microscopy.

The minimum in the surface state density distribution, corresponding to a
Fermi level position has the physical meaning. It is the charge neutrality energy
level Eya, which is a characteristic value of a given semiconductor because this
quantity corresponds to the average hybrid orbital energy for sp? hybrid bonding
[37,38,39,40,28,67,68]. The location of the Eyg level for indium phosphide with
respect to the conduction band minimum is equal to -0.37 eV [37]. The value of
E 0 can have slightly different values. depending on the experimental method.

Figure 2.2 shows the basic postulate of the DIGS model. It is the existence
of a disordered quasi-amorphous layer in the semiconductor near the interface,
build up by a formation of V-5, I-S and unoptimized S-S interfaces. The dis-
ordered quasi-amorphous layer is caused by different bonding configurations on
each side of the interface (see Figure 2.3). These states are tail states analog-
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according to DIGS model [29].

ically like in amorphous semiconductors. Thus. their density is high at band-
edges and decreases toward the midgap. States originating from the conduction
band are anti-bonding (acceptor-like] ones (Eq. 2.11), whereas the states arising
from the valence band are bonding (donor-like] ones (Eq. 2.12). Their density
minimum in the energy gap falls at Fygo. For simplification and analytical de-
scription of the state density distribution. acceptor-like states below Eyo and
donor-like states ahove Eyo may be neglected. Then. as it is shown in Figure
2.3, the Eyg energy separates two types of states in the energy gap [29,30]. The
Ngs(F) distribution is given by following expressions:

[/ |E = Enol\™]

N (FE) = Ny -exp (|7HO) VE < Eyo (2.11)
i Eoq
[/ |E = Egol\™]

N (FE) = N, -exp (|Eiﬂo|) VE > Eya (2.12)
| Oa -

where (Fyg. ng) and (Fo,.n,) describe the curvature of donor-like and acceptor-
like state density distribution, respectively [29,61].

The density of surface state distribution is measured by means of the Scan-
ning Tunneling Spectroscopy (STS) or by C-V techniques for MIS structures
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or by photoluminescence surface state spectroscopy (PLS?)[37,69]. The princi-
ple of the PLS? is well described by T. Sawada et al. [69]. Generally, when
a semiconductor surface is illuminated by excitation light. electron-hole pairs
are generated. Then, they may migrate and eventually recombine through vari-
ous recombination processes. Among these processes, the surface recombination
process is greatly affected by band bending at the semiconductor surface. Then
the measured photoluminescence efficiency versus excitation is compared with
a theoretical one obtained from a rigorous computer simulation taking into ac-
count of all possible recombination processes, and finally Ngg(E) distribution
is obtained.

As it is previously written. the knowledge about the origin of surface states
based on experimental data allows for the technology optimization. It is partic-
ularly important in the choice among passivation processes hecause of the mini-
mum surface state density Ngg. changes as a function of the surface treatement,
being 2-10"" cm =26V~ for chemically etched and 10" cm~2eV ! for as-received
wafers, these values are obtained by PLS?® method [37,69]. Thus, H. Hasegawa
et al. [18,70] proposed. on the base of the DIGS model. one of the most efficient
and sophisticated passivation approach for III-V surfaces using an ultra-thin
silicon interface control layer (ICL). This layer should be inserted hetween the
ITI-V based semiconductor and the insulator (or vacuum) to create a smooth
structural transition at the interface, as it is shown in Fig 2.2.

2.3 Properties of InP surfaces

Indium phosphide crystallizes in zinc-blende structure. with a band-gap of
1.35 eV. The distance hetween the vacuum level and the valence band edge at
the surface is about 5.75 €V. For n-type semiconductors, surface states lead to
band bending in the surface region and a depletion layer is created [59].

The free InP surface after exposure to air atmosphere is totally covered by
native-oxide layer, which is difficult to remove and has got a strong influence
on electronic properties of the InP near-surface region. Thus. a wide range of
surface sensitive spectroscopic techniques has previously been used to study in-
dium phosphide surface both (100) and (110) with their native oxide layer. The
main used techniques are Raman Spectroscopy. Low Electron Energy Diffrac-
tion (LEED), Auger Electron Spectroscopy (AES), Ultraviolet Photoelectron
Spectroscopy (UPS), Electron Energy Loss Spectroscopy (ELS), X-ray Spec-
troscopy (XPS) and Angle-Resolved X-ray induced Photoelectron Spectroscopy
(ARXPS] [59,71,72,73,74,75,76,77,78,79).
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2.3.1 Native oxides

Possible chemical compounds created on the basis ofn indium-phosphorus-
oxygen (In-P-O) system are In, InP, P, P03, P,O;, In{POy};3, InPO, and In;Os.
The melting point values of these compounds are collected in Table 2.3. It should
be noted that instead of P,Q;. they are very stable at high temperatures. G.P.
Shwartz et al. have deduced from the phase diagram that InPO, is the only
product resulting from the reaction between InP and O at equilibrium [76].

Table 2.3:  Melting points of In-P-O compounds [76].
In-P-O Compound P203 P203 IHPO4 IIl(POd)S P205 111203
Melting point (°C) | 23.8 | =173 | =900 750 563 | 22000

According to J.F. Wager et al. [77], the InP (100) surface in ambient air and
at ambient temperature is covered with native oxide layer. It consists predom-
inantly of In-O compounds. tentatively identified as In,O3 with small amounts
of P-O compounds, such as InPQOy4. After reevaluated data [78], the oxide layer
wag identified as two different layers. the InPO, layer as a covering InP surface
and In;Ojz as an outer layer. These results were verified by A. Guivarc’h et al.
[71], who studied electrical properties of InP anodic oxides. They estimated two
separate regions of InP oxides. The first region was suggested to be an island
structure with thickness ranging from 0.4 to 0.7 nm. The characterisation by
XPS of this region showed that the surface peak was only due to In. The second
region wasg presented rather ag a continuous oxide layer with a thickness from
1 to 3 nm. The thickness estimated from 1 to 1.5 nm was a thickness where
islands begin to coalesce into a continuous film.

2.3.2 Electronic properties of native oxides

JF. Wager et al. [77,78] have investigated the chemistry and physics of the
native oxide formation on InP. trying to correlate them with electrical instabil-
ities in MIS. MOS and MISFET structures based on InP. From XPS. UPS and
ELS data. they estimated the band gap of InPO,4. On the other hand. the band
bending of In;Oj is well known from literature [8]. So, the energy diagram with
the assumption that the InP surface is totally covered by alternate native oxide
layer was bbtained (see Figure 2.4). UPS studies were done for an InPO, sample
with a thickness of 5.5 nm. It means that the presented band diagram in 2.4
represents the bulk oxides. In the case of very thin oxide layer the existance of
traps and defects in the oxides is not negligable.

According to G. Hollinger et al. [72,73], below 350 °C the oxide layer is
generally non-crystalline consisting of In, P and O. Thermal oxides at temper-
ature between 300 and 450 °C were identified as an oxide mixture of In,O3 and
InPOy4. These oxides were studied by means of C-V characteristics that strongly
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Figure 2.4: Schematic energy band representation of InP surface and related
ozides [T7].

depend on the indium or phosphorus-rich outer layer. If the outer layer was char-
acterized as In-rich. C-V characteristics exhihited a very large counterclockwise
hysteresis loop and strong frequency dispersion. It may indicate a strong pin-
ning of the surface Fermi-level where the space charge region is in a depletion
regime. It is possibly due to charge exchange between the semiconductor and
traps located in the indium rich layer or to a negative fixed charge located in that
region. Removal of the outer In-rich layer results in a dramatic improvement of
electrical characteristics of MIS devices. No frequency dispersion is observable,
neither in the depletion regime. nor in the accumulation regime that was readily
reached. The P-rich inner layer probably allows for charge exchanges hetween
the In-rich outer layer and the semiconductor. It seems to be a very good passi-
vating layer because after removal of the outer In-rich layer an extremely small
charge injection-like hysteresis can be noticed.

2.3.3 Chemical properties of native oxides

Indium in InPQOy is coordinated to six oxygen atoms. each of them being the
corner of a different PO, tetrahedron. Four of six oxygen atowms are associated
with two indium atoms and one phosphorus. whereas two are associated only
with one indium and one phosphorus. The InPO, as well as InPOy; is a well
insulator with the band gap more than 5.5 eV for InPQO; and 4.5 eV for InPO,.
They are chemically stable. InPOjz; can be described as infinite chains of POy
tetrahedra interconnected by InOg octahedra. This suggests a rather rigid net-
work and the existence of possible intrinsic defects at the oxide-InP interface.
however no extensive work is presented on bulk InP, O, glasses. In such glasses.
the existence of finite POy chains or three bridging oxygen per POy like in P.O;
(two in In(POy)3) could vary in the composition. Figure 2.5 illustrates the local
atomic order in crystalline InPQOy, In{POj)3 and P,0;.
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2.3l4 Native oxide formation
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Figure 2.6: Growth model for thermal ozides of InP with T<600 C [74].

From literature [72,73,77,78], the reaction of the fresh InP surface with oxy-
gen leads to loss of phosphorus and the formation of an oxide layer near the
surface. The oxide layer thickness reaches up to 5 nm depending on the InP
sample surface and ambient conditions. The behaviour of oxygen on the surface
seems to be much more typical of a slow oxidation process in which oxygen
species penetrate the bulk. rather than simple adsorption.

A. Nelson et al., inspired by previous works. has presented the model of the
thermal bxide growth on InP [74]. In Figure 2.6, it is shown that all the phos-
phorus in the bulk of the oxide layer is bonded as a phosphate. probably InPO4
independently of the rise of the temperature. With temperature increasing, but
still under 600 °C. elemental phosphorous collects at the interface of In;O3 and
InPO,4. The outer oxide layer becomes a mixture of In;Oz and InPOy4. They
suggested that at temperature under 600 °C, the InPO, inner layer acts as a
diffusion barrier for phosphorus. It does diffuse to the surface combining with
In and O to form the equilibrium product InPOy4 (some of it may evaporate).
However. in the same time. In also reaches the surface and therefore In,Ogz for-
mation also takes place. As mentioned before. InPO, is stable up to 900 °C
while In;0O3 is stable to near 2000 *C. However. below 500 °C no evidence for
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crystalline In,Oz was found. The creation of cones or islands consisted of In is
not neglected.

2.3.5 InP annealed surface

Annealing is one of the main techniques used to improve characteristics of
electrical contacts on the InP surface. Thus. J. Zemek et al. [79] used the
ARXPS to determine non-destructive concentration depth profiles for as grown
and annealed oxides on (100) InP surfaces. The thickness of native oxides was
estimated to 1.4 nm. Moreover, they remarked that this value changes very little
with annealing up to 300 °C. Depth profiles calculated for samples annealed
at 250 °C indicate rearrangement in favour of the phosphate(s). Annealing
at temperature of 300 °C and higher caused a gradual decomposition of the
phosphate(s) leaving carbon contaminations and traces of indium oxides on the
surface. It should be mentioned that the studied InP surfaces were oxidized
in the laboratory conditions and thus. the oxide layer thickness is expected to
be smaller than the oxide layer thickness of samples used in real experimental
conditions.

2.4 Adsorption in general

Usually. the gas molecule interaction with the semiconductor firstly takes
place on the semiconductor surface. Thus. one of the most important issues
determining control of the surface technology. in particular for gas sensors. is to
understand the gas interaction with the semiconductor surface. The interaction
bhetween a gas molecule and a semiconductor surface is the adsorption process.

The adsorption involves the preferential partitioning of substances from the
gaseous or liquid phase onto the surface of a semiconductor. Some of the par-
titioned molecules are bonded at the surface active site. The origin and nature
of thig active site depend on the energy released during the adsorption process:

e in the range from 0.1 to 0.25 eV the interaction is defined as physisorp-
tion;

e if the energy is superior ta 0.25 €V. the creation of a chemical bonding is
possible and the process is called chemisorption [60].

The created bonding can be of two types. The valence type is in the case of
common pair of valence electrong and the ion one in the case when a molecule
becomes a cation or an anion.
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2.4.1 Physisorption

The physisorption is a reversible process characterized by a low temperature
where no charge transfer hetween a particle and a solid surface is observed.
It is described by the weak Van der Waals interaction between a particle and
a substrate surface similar to intermolecular forces between two molecules ob-
served in non-ideal gases [60,80,81] (see Figure 2.7, where Fp is the potential
entergy of molecules). The desorption energy is equal to the adsorption one
(from 0.1 to 0.25 eV).

REPULSION ' ATTRACTION

Figure 2.7: Van der Waals interaction [60].

Due to the non-directional character of Van der Waals interaction. the most
stable configuration in solid phases is the one in which atoms are at the equi-
librium distance between attractive and repulsive forces. It is the equilibrium
point Py. For a distance between interacting particles such as r > Py attractive
forces are preponderant and at very short distance (r < Pg] repulsive forces are
preponderant.

Weak low-temperature intermolecular forces produce only slight changes in
the electronic structure upon molecular adsorption. In addition, molecules re-
tain their individuality.

2.4.2 Chemisorption

The chemisorption process is characterized by a high temperature. the ir-
reversibility and the charge transfer between a molecule and a solid. In gen-
eral, it is a creation at high temperature of selective chemical bondings be-
tween an adsorbed particle and a surface atom. which leads to very specific
changes in a variety of sensor responses such as their optical or electrical pa-
rameters. The simplest case of electronically conducting sensors is a charge
transfer from the particle to the sensor or vice-versa [81]. As it is shown in
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Figure 2.8. chemisorption is a two state process. In the first state. the distance
r between the molecule and the semiconductor surface is equal to Py. This is
termed the precursor state: it is nothing more than physisorption process and
it is still reversible. Then, when the molecule is closer and closer to the surface
and the creation of chemical bonding has started, the process changes from re-
versible to irreversible. The second state is called the chemisorption state and
the adsorption energy is called chemisorption one E¢gy.

EP P hp P

i Ly
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(a) With activation energy. (b} Without activation energy.

Figure 2.8: Schematic presentation of two chemisorption types [81].

In Figure 2.8, models of two different types of chemisorption are distin-
guished. These models were proposed by J.E. Lennard-Jones [82]. The first one
is the chemisorption process with an activation energy 4. while the second one
is without activation energy.

2.4.3 Adsorption isotherms

Adsorption process can be considered in terms of two models: Langmuir and
Freundlich isotherms, which are the trial approaches to the reality [83].

Langmuir isotherm

It is the first theoretical model of adsorption proposed by 1. Langmuir in
1918 [84]. This isotherm was proposed with the following assumptions:

o the number of active sites at the solid surface is proportional to the surface
area;

e one active site can adsorh only one molecule:
e the molecule from one active site cannot move to another active site:
e the distribution of active sites is at uniform rate:

e the bonding between the solid surface and molecule can have a physical
or a chemical nature;
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e the adsorption rate is equal to the desorption one.

The Langmuir isotherm is expressed by the relationship:

ry-P

-t 2.13
P+l (2.13)

where:
¢ [ and I'; are concentrations of adsorbate and active sites. respectively:
e P is the pressure:

e b is the constant given by the following equation:

k? Eads
h=—=—F8. 2.14
ke OO (LT) (2.14)

where:

k1 and ks are coeflicients of desorption and adsorption velocity, re-
spectively:

— B is a constant:

k is the Boltzmann constant:

— T is the temperature.

The adsorption of gag at the solid surface can be also described in terms of
the degree of coverage 6. 8 is defined as the ratio of the surface concentration
of adsorbate I' and the concentration of active sites I'y:

r

g— —
Y

(2.15)

Freundlich isotherm

Freundlich isotherm is an empirical relation between the degree of coverage ¢
and the gas concentration that surrounds the solid surface C'. Thig law is used
practically for a theoretical analysis of gas action at semiconductor surfaces
hecause in contrary to Langmuir adsorption, H. Freundlich assumed that the
distribution of active sites is not uniform and active sites are not equivalent
[85]. These assumptions make this law more realistic than Langmuir’s one. The
Freundlich isotherm is expressed as follows:

§=p.C" (2.16)

where 8 fis the degree of coverage. p and m are characteristic constants for
the discussed molecule/surface system. Parameters p and m are determined
experimentally.
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2.4.4 Adsorption on the semiconductor surface

The adsorption process leads to the change in the electronic response of
a semiconductor, i.e., the electrical potential or conductivity /resistivity. In the
case of a resistive semiconductor sensor, the measured conductance of the sam-
ple. usually between ohmic contacts. is the sum of the conductance in the bulk
(Grur) and the conductance of the depletion layer (Grear—sur face) [60]:

Gsample - Gbu!k + Gnear—sur}"ace (217)

Assuming the existence of surface states. concentrations of electrons n and
holes p will change from the surface to the bulk. So. the concentrations of n and
p will be strongly dependent on the coordinate axis # and will change from the
concentration in the space charge region @,. to the concentration in the bulk
(see Figure 2.3). Thus, one can assume that the conductivity of the sample is a
z—function ¢{z). Thus, ¢ is related to the charge carrier concentration profiles
n{z) and p{z) and given by the following expression:

o(z) = g (- n(2) + pp - p(2)) (2.18)

In conclusion. the sample conductance & is given by the following integral:

d d
samplc f 7 I] c dr = E f + Hp - ( )) dr (219)
a a

where the following constants are as shown in Figure 2.9 and represent:
e d is the electronic active layer thickness:
e ¢ is the distance between contacts;
e ¢ is one of the device dimensions.

& of the sample is measured in siemens. however in most of the electrical
sensor devices, measured changes are of the resistance R in ohms. The relation
between G and R is as follows:

G = 7 (2.20)

The chemical and physical adsorption on the surface depends not only on

external parameters like pressure and temperature. but also on the electronic

state of the surface. Moreover, from Equations 2.18, 2.19 and 2.20, the change

in sample resistance due to adsorption will take place in the near-surface region.
consequently in . charge.

The Q. charge is equal to the opposite sign charge located at the semicon-
ductor surface. It depends on the concentration of adsorbed gas ions. Thus. the
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Ohmic contacts
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X

Figure 2.9: Schema of a semiconductor sample with ohmie contacts.

concentration of @, should be a function of the gas pressure [86,87] and it will
be some function of the gas pressure P:

Qsc = = (Qo + - N(P}) (2.21)

where N, (P) is the concentration of the adsorbed atoms on the surface and Q,,
is the charge density on the surface in the absence of adsorption.

2.5 Ohmic contacts

In the case of a resistive sensor device, the electronic signal is the sensor re-
sistance. It is measured by means of low resistance contacts, usually ohmic ones.
An ohmic contact is a region on the semiconductor device where the current-
voltage characteristic curve is linear and symetric [41]. Thus, the fabrication of
high quality low-resistance and stable contacts is critical for the performance
and reliability of the sensor device. Since a native oxide rapidly forms on the
ITI-V semiconductor surface. the performance of a contact depends strongly on
the way it has been realized.

2.5.1 Ohmic contact model

Ohmic contacte are realized by a noble metal deposition on the semicon-
ductor surface. Metals and semiconductors differ in their work function ¢,
and @, respectively. The Fermi level of semiconductors and metals are equal
at the thermal equilibrium [58,50,88]. Thus, when two materials are in con-
tact. electrons will flow from the one with the lower work function until Fermi
levels equilibrate. As a result, the material with the lower work function will
take on a slight positive charge while that with the higher work function will
hecome slightly negative. The appeared potential is called the built-in field.
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The built-in field causes band I
bending in the semiconductor
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thermal equilibrium [58].

o= Pm — Xs (222]

where Y, is the semiconductor electron affinity defined to be the difference be-
tween the vacuum level and the conduction band.

When the excitation over the barrier is thermal., the process is the ther-
moionic emission. However, an equally important process exists in real contacts
called quantum mechanical tunneling [50,88].

2.5.2 Ohmic contact technology

In real conditions. metal may react with semiconductor surfaces and form
compounds with new electronic properties. Moreover. a contamination layer at
the interface may effectively widen the harrier. The surface of the semiconductor
may create a new electronic state. The dependence of contact resistance on
detailg of the interfacial chemistry makes the reproducible fabrication of ohmic
contacts a very serious manufacturing challenge [41]. Thus, the first step in the
contact fabrication is the semiconductor surface cleaning. Surface cleaning may
be performed by heating. sputter-etching, chemical etching. reactive gas etching
or ion milling. After cleaning. ohmic contacts may be realized by sputtering,.
chemical vapour deposition (CVD] or thermal evaporation of noble metals. The
sputtering is a faster method for metal deposition than the evaporation but the
ion hombardment from the plasma may increase the surface state density or
even invert the charge carrier type at the surface. Therefore. the gentler CVD
or the thermal evaporation are increasingly preferred. Thermal evaporation
and the CVD are realized through a mask to obtain the desired contact’s shape.
After the evaporation. annealing is used to relieve stress as well as to create an
area more doped than in the semiconductor hulk.

To improve the technology of ohmic contact realization. contact resistance
measurements are performed. They may be realized using a four point-probe
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Figure 2.11: Schema of the sample used for ohmic contacts resistance
measurements [89].

[60,91] or by measurements of tension as a function of the contact distance [89],
as khown in Figure 2.11. This figure shows the structure with ohmic contacts
based on the n-type InP layers prepared to measure the specific resistance of
the contact. Measurements of the tension as a function of the following distance
between contacts gives the distribution function of voltage. The estimation of
contact resistance is given by the relation hetween the tension V, for a distance
equal to zero and the current:

_Va-u

R, 7

(2.23)

Having presented. in thig Chapter. InP semiconductor electronic and chem-
ical properties (from the available literature), as well as the adsorption phe-
nomena and the ohmic contacts realization, the next Chapter will deal with the
realization of sensor structures based on n-InP epitaxial layers. Also. different
techniques for sensing, chemical and electronic property investigations will be
discussed. Finally, the principles and layouts of the measuring set-ups used in
this work will be presented in detail.






Chapter 3

Experimental

This Chapter deals with the experimental methods used in the investigations
of sensing. electrical and chemical properties of InP based gas sensor structures.
In this work. the tested devices as well as measurement set-ups were created or
adapted by the author to realize the systematic study of sensing mechanism of
n-InP. Therefore, sensor devices as well as sensor fabrication and experimental
techniques are presented. These techniques allow for the investigation of the
action of oxidising gases (like nitrogen dioxide and ozone) on n-InP active epi-
taxial layers. Also. the Van der Pauw effect measurement technique allowing to
investigate the charge carrier concentration. the mobility and the layer resistiv-
ity of the thin layers is presented. Moreover. in thig Chapter. the principles of
the different surface spectroscopy techniques used, as well as the experimental
set-ups and analysis approaches hased on spectroscopic data are detailed.

3.1 Sensor device

The realization of a sensor structure comprises a sequence of technological
steps. Firstly, the InP wafer is cleaned and cleaved into the rectangular samples.
Afterwards. the ohmic contacts on n-InP are realized. Finally, the complete
sensor device is mounted in the measuring cell. In this section. the realization
of a sensor device from cleavage through ohmic contact fabrication to mounting
into the measuring cell. as well as the sensor structure are presented.

3.1.1 n-InP epitaxial layers

The gas active epitaxial n-InP layers were produced in the Institut Electron-
ique et Microelectronique du Nord (IEMXN) located in Lille, France. The n-type
InP epitaxial layers were grown by molecular beam epitaxy on a semi-insulating.
iron-compensated (100) InP substrate. They were doped by silicon; the donor
concentration Ny given by the producer is 2-10'% em~3. Thicknesses of the
epitaxial layers used in experiments are 0.2, 0.3 and 0.4 ym. The 3 different
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series of wafers with epitaxial layers were used. all wafers were coming from the
same producer: IEMN. This gave us a possibility to realize around 30 structures
tested in terms of their reproducibility of the sensing, electronic and chemical
properties.

3.1.2 Ohmic contacts

Ohmic contacts are realized on n-InP epitaxial layers by thermal evaporation
of noble metal gold (Au) and germanium (Ge). Before thermal evaporation, the
n-InP sample is cleaned in ethanol and methanol. After cleaning. the sample is
mounted in the evaporator chamber (see Figure 3.1). Once the sample mounted,
it is heated from ambient temperature to 120 °C by steps of 10 °C in order
to desord any adsorbed gases. Finally. evaporation of contact metals is done
through a stainless steel mask. Evaporated metals and their thickness are as
follows: Au (10nm) / Ge (35 nm) / Au (150 nm), these thicknesses were already
chosen in previous work [19,26].

After the evaporation process. the sample is annealed under an hydrogene
atmosphere with sequences of 200 °C (for 3 min}, 250 °C (for 1 min) and 300 °C
(for 10 s). Then, it is cleaved and the obtained surface area is 121 mm? (Hall
effect measurements) and 16 mm? for an investigation of sensing parameters.
Finally. to measure the sensitive n-InP epitaxial layer resistance. copper wires
screened by Sn are stuck on ohmic contacts using tin balls and silver (Ag)
paste. The structure wire,/tin ball is shown in Figures 3.2 and 3.3, where the
detailed sensor structure as well as photos of sensors with different n-InP layer
thicknesses are presented.

3.1.3 Sensor structure

The last step of the sensor fabrication consists in the realization of a tem-
perature regulation system. As electrical characteristice of III-V compounds
based semiconductors strongly depend on temperature, interactions hetween
gas and sensitive material strongly depend on the work temperature of this ma-
terial. too. Each sensor is glued onto an alumina heating substrate fitted with
a screen-printed platinum resistor on its backside. The heating substrate resis-
tance is in the configuration of a ‘“Wheatstone bridge’ that allows for heating
and temperature control.

The working temperature is varied between 20 °C and 120 °C to investigate
the sensor characteristics including the sensitivity of the layer resistance. the
response time and the reproducibility of results with temperature.
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Figure 3.1: Evaporator chamber used in ohmic contact fabrication.

Sn ball
Copper Sn
plated wire il
/ Epitaxial layer
Ohmic contact | of n-InP
(Au/GelAu) i Semi-insulating
substrate
Ag paste
Heating and Alumina heating

temperature control substrate Al,O,

Figure 3.2: Schematic picture of a resistive sensor device.

(a) 0.2 um. (b} 0.3 pm. (¢} 0.4 pm.

Figure 3.3: Resistive sensor devices used in experiments.
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Figure 3.5: Measurement set-up used in sensing experiments in the gas sensor
group in laboratory LASMEA, Clermont Ferrand (France).



3.2 Gas measurement set-up

59

3.2 Gas measurement set-up

For n-InP sensing properties investigations. tests with oxidising gases are
realized. For sensing experiments, sensor devices are placed in a measuring cell.
in darkness and exposed to cycles of NOy diluted in pure dry air. The flow is
kept constant at 50 1/h. Gas flow and oxidising gas concentration are computer
controlled. Rate diluting mass (RDM) controllers are used to obtain oxidising
gas concentrations of less than 50 pph (see Figure 3.4).

After being delivered from the bottle, NOs is diluted in dry and pure air
to obtain the desired gas concentration and finally, passes through the mea-
surement cell. Its concentration is checked at the output of the measurement
cell by a chemiluminescent NO, monitor (42i Megatec Therma Electron Cor-
poration). Experiments have included various sequences of gas exposures. All
these sequences start and finish with exposure of the gas sensor to pure and dry
air. Dry, pure air is obtained by filtering atmospheric air through silica gel and
active charcoal.

The output signal is monitored through the recording of the sensor resistance
changes (between two ohmic contacts) using a Keithley 2700 digital multimeter.
In conclusion. as it is shown in the Figure 3.5. the set-up for sensing properties
meagurement is equipped with:

¢ the measurement cell connected with a temperature regulator and a Keith-
ley 2700 multimeter:

a computer to control sequences of the gas exposure and gas flow:

filters to obtain pure and dry air;

the RDM configuration to control the gas concentration:

the NOsy analyser to check the gas concentration.

Measurement cell

The measurement cell is designed to allow gas flow and avoid any photo-
conduction effect. Its design allows to accomodate up to 4 sensors during the
same experiment. It is made of Teflon, rectangular in shape and protected from
ambient light by a coating of black material. It is connected on one side with
the gas source (gas inlet) and with the gas analyser to check the gas concentra-
tion (gas outlet) on the other one. Figure 3.6 shows a schema and a photo of
measuremment cell.
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Figure 3.6: Rectangular measurement cell.

3.3 Electronic properties characterization

To characterize n-InP electronic properties in terms of charge carrier con-
centration, mobility and sample resitivity, the Van der Pauw method was in-
troduced. Hall effect measurements give results of p, gy and n, but require
a thick sample with electrical contacts on its sides. in contrary to Van der Pauw
measurement method that can he performed for any thin sample of whichever
geometry [90,91]. Therefore, for the n-InP samples with thicknesses in the
sub-micrometer range the Van der Pauw method is introduced in Hall effect
measurements. The Hall effect principle is given in Appendix G. This method
of characterization was used not only to estimate the electronic base state of
the examined InP sensing layers but also to estimate the changes in the elec-
tronic state under gag action. it was possible by introducing modifications in
Hall measurement cell.

3.3.1 The Van der Pauw method

In the Van der Pauw measurements the n-InP samples with thicknesses of
the 0.2 and 0.4 pm were used. However, the measurements of p. ;¢ and n for
thin sample with thicknesses in the sub-micrometer range is possible, but few
following conditions must be fulfilled [90]:

e contacts are at the circumference
of the sample;

e contacts are sufficiently small and A Sample g
situated at the corners of the sam- (& surface D
ple:

Figure 3.7: Sample used in Van
der Pauw method.

e the sample is homogeneous in all
its thickness;

e no holes in the sample between
contacts.
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Thus. to fulfil the conditions for using thig method. the ohmic contacts are
realized in corners of the n-type InP rectangular sample. Ohmic contacts (A.
B. C. D) are situated as shown in Figure 3.7.

Once the current /gy is injected between contacts B and D. the resistance
Rsp, acy is measured. The resistance Rcp ap is defined for the current Iop
injected between contacte C and D.

Vi— Vo
R(BD,AC] - % (31)
BD
Vi—-V,
Ripap = f (3.2)

When the thickness of the sample d is known. the resistivity of the sample
is given by the following formula [90]:

7-d | Rpac:+ Biepas: Rgp ac
o= { (BD. ( L f( HBDAC (3.3)
In(2) 2 Bicp.ap:
where f is a function dependent on the ratio % and supposed to satisfy

the following relation:

] = f - Arccosh E . efcp(m%)] (3.4)

In conditions where R(pp ac and Rcp ap: are different. f is given by Equa-
tion 3.5. Its graphical representation can be found in Appendix C.

[R(BD,AC!] — Ri¢p,aB:
Rsp,acy + Ricp,an)

fo1- [R(BU,AC) - R(C‘D,Ab‘)] ? In2
Rpp.acy + Riep.ap 2 (3.5)
B {R(BD,AC) - R(CD,AB;T- ((3?12)2 B (En2)3)
Risp.ac) + Biep,an 4 12
The measured Ri4p gc: is equal to:
Ve — Ve
Rap.pe; = ‘BI— (3.6)
AD

Additionally. it is needed to estimate Rgy. This constant is determined by

_}
the difference in B 4p pc: measured with and without magnetic field B applied
perpendicular to the sample surface:

ARap e = Rappoy, o — R(AD,BC}_B-,#‘_); (3.7)
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Then. the Hall constant. the Hall mobility and the charge carrier concentra-
tion are given by following equations:

AR, »| - d
R, — AR lIJ)B,BC, (3.8)
|AR(up.5c3| - d
— T A 3.9
2944 0B (3.9)
B
(3.10)

n —=
q-d- ‘AR(AD,BC]

3.3.2 Hall measurement cell

Hall effect measurements are done in a special cell allowed for experiments
in the electromagnetic field. The standard measurement cell is modified to one
connected with the gas inlet and its outlet to allow for gas flow (see Figure 3.8.a].
To obtain the desired gas concentration configurations of filters (to obtain pure
and dry air) and the RDM system (to obtain the desired gas concentration)
used are the same as presented in section 3.2. The tested samples series were
n-InP epitaxial layers with thicknesses of 0.2 and 0.4 pgm and surface areas of
121 mm?. The configuration of ohmic contacts was as in Figure 3.8.h.

I - il

(a} The measurement cell. (b} The sample.

Figure 3.8: Huall effect sample and cell used in measurements.

3.4 Chemical properties of InP surface

For a good comprehension of the sensor behaviour. the knowledge of elec-
tronic properties combined with chemical ones is needed. Thus. the investiga-
tion of InP surface chemical status and its changes due to gas action is realized
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by means of photoelectron (XPS) and electron (AES) spectroscopic techniques.
The principle of these techniques is ta collect electrons excited and emitted
from the surface suhstrate. On the base of collected electrons. the chemical
characterization is done. In this section. spectroscopic studies as well as their
principles and the measurement set-ups used are described.

3.4.1 Secondary electrons

XPS and AES techniques are based on the analysis of energy of secondary
electrons which come from inelastic collisions between the primary beam (pho-
tons or electrons) and the atom. When hombarding a solid surface with a
monoenergetic heam characterized by its kinetic energy Ep and its intensity [y,
one gets the spectrum of secondary electrons. Figure 3.9 shows the contribution
of emitted secondary electrons N(F). In the spectrum, four different regions
can be identified:

1. the elastic peak that corresponds to the energy Fy of bombarding elec-
trons;

2. the intermediate region of energy loss peaks where electrons have lost their
energy due to the interaction with plasmons or ionisation:

3. the secondary electron peaks or Auger electron peaks that are used in
Auger electron spectroscopy analysis:

4. the region of secondary electrons that are emitted in an inelastic way.

N(E) |

Figure 3.9: Distribution of emitted electrons from the solid surface
under an electron beam excitation [92,93].
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3.4.2 Attenuation length of electrons in solids

An inelastic scattering of the electron in the solid may be characterized by
an inelastic means free path IMFP. Often, in the spectroscopic analysis the
attenuation length is measured because it is equal around to the mean free
path of electrons that is the average distance at which the number of electrons
escaping without energy loss due to an inelastic scattering decreases to é (around
36.8 %) [94,95]. There exists also the escape depth of electrons that is called the
information depth. The value of the attenuation length A; of electrons depends
on both the material and the electron energy. For electrons emitted at an angle
6 to the normal from a solid surface, the unscattered intensity 7{z) from a source
at a depth z helow the surface follows the approximate relation [79,96,97]:

I{z) = Iy(z) - exp (ﬁi@) (3.11)

Thus. in Auger and X-ray photo-
electron spectra from solid surfaces,
the average information depth is char-
acterized by X; and cos(f). For ele-
ments. an empirical and approxima-
tive description of A; in nanometers is
given by M.P. Seah [98]:

1000 }\
100 \.

10

Attenuation length (nm)

X\ =538-a-E24041-q7-Ez
(3.12)

1 10 1040 1000
Electron Kinetic energy (eV)
where F is the electron energy (in eV)
and a? is the volume of one atom of Figure 3.10: Attenuation length versus

the element in the solid state (in nm?). kinetic energy of electrons.

This description fits the experimental data on average to a standard devi-
ation of 30% (see Figure 3.10). The attenuation length is responsible for the
escape depth of emitted electrons that. in the case of AES and XPS spectroscopy
(the energy of primary beam from 20 to 2000 V], limits the analytical region
to depths ranging between 2 and 5 nm [99].

3.4.3 X-ray photoelectron spectroscopy

K. Siegbhan and his research group at the University of Uppsala, Sweden
developed the first X-ray Photoelectron Spectroscopy (XPS) in the mid-sixties
[100]. The technique was first known by the acronym ESCA (Electron Spec-
troscopy for Chemical Analysis) [101]. Surface analysis by XPS involves irradi-
ating a solid in vacuum with monoenergetic soft X-rays and analysing emitted
electrons by their energy. The spectrum is obtained as a plot of the number
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of detected electrons per energy interval versus their kinetic energy. Each ele-
ment has an unique spectrum. which is approximately the sum of the peaks of
the individual constituents. X-rays usually used are MgK, (1253.6 V] or AlK,
(1486.6 eV ). These photons have limited penetrating power in solids of the order
10 pm.

Principle of XPS techniques

The principle of photoelectron spectroscopy is based on the interaction be-
tween an electromagnetic wave and atoms in matter. The process of photoelec-
tron emission from solids consists of three steps [102]:

1. X-rays are adsorbed by atoms and photoelectrons are emitted (photoelec-
tron process);

2. a part of the electrons generated within the solid moves toward the surface
(electron attenuation length);

3. photoelectrons. which have reached the surface. are emitted into vacuum.

Mg Ko line

Vacuum

; level
Fermi level
TD -

28

Figure 3.11: Energy diagram of photoelectron emission [102].

As it is shown in Figure 3.11, the energy conservation rule is hold for the
following parameters: energy of the excitation X-rays that is equal to h - v,
the electron binding energy F,. the kinetic energy of emitted photoelectrons Ey
and the work function ¢ depending on both material and spectrometer. There-
fore, emitted photoelectrons have got the kinetic energy given by the following
equation:

E.=h-v—E,—¢ (3.13)

where the Fermi level corresponds to zero binding energy. E, is defined by the
difference between the total energy at the initial state and that at the final
state of the photoelectron emission process. The binding energy slightly differs
depending on the chemical environment of atoms. so XPS can he used for the
chemical state analysis of the material.
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3.4.4 Auger spectroscopy

Auger Electron Spectroscopy (AES) has been named after French physician
P. Auger (1899-1993) who discovered this phenomenon in 1923 [103]. The emis-
sion process is commonly referred to as an Auger emission and the emitted
electron is called an ‘Auger electron’. AES is a fast and non-destructive ana-
lytical technique used to determine the elemental composition of a few atomic
layers of a surface or exposed interface in a solid material.

Principle of the Auger technique

AES is a technique generally using an electron beam for electron excitation.
In the Auger process. three levels of atom energy are involved. The primary
heam causes an ionisation of a core level K by the emission of an electron. The
core hole is produced and the electron from the more external energy level L fills
up this hole. Eventually. losses of potential energy due to the filling this core
level may appear as a photon (X-ray generation, fluorescence) or as kinetic en-
ergy given to another shallowly bound electron (emission of the Auger electron).
These competing processes are dominated by the photon emission only when
the initial core hole is deeper than about 10 keV. In Figure 3.12. the relaxation
process by Auger electron emission is shown. In this schema. the initial vacancy
appears in the K shell.

Primary Emitted Auger
beam  electron electron
Ey Ey /f Ey E,
M M l M M
L ® I L O L
R AR K K K
Tonisation Auger Doubly ionised
emission final state

Figure 3.12: Schema of the Auger process [104].

The kinetic energy of the Auger electron Ey ;s is equal to the energy differ-
ence of the singly ionized initial state and the doubly ionized final state. Thig
energy can he estimated by the difference in binding energy of the three energy
levels within which the Auger process takes place:

By = Ex — Ep — Ey (3-14)

M.F. Chung and L.H. Jenkins have determined the empirical equation of
the kinetic energy of Auger electrons [105]. They proposed that the effective
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binding energy for the doubly ionised state is equal to the average value of
binding energies corresponding to elements of atomic levels Z and Z + 1.

Eyonr = Exe(Z) — % B (Z)+ By (Z41) — % (Exs (Z2) + En (Z+1)
(3.15)

So. thig energy does not depend on the energy of the primary beam and is
characteristic of the emitter atom. Then. in AES. the identification of elements
is determined by the energy position of Auger peaks.

3.4.5 Surface spectroscopy analysis

Once the electrons have heen collected. they are the source of the chemical
status knowledge of the investigated semiconductor near-surface region. There
are two types of analyses. The first one is qualitative and it determines existing
atoms on the surface. The second is quantitative and it theoretically gives the
quantitative data of found elements. The quantification of observed elements is
determined from relative intensities of electron peaks. However. the measured
intensity of an arbitrary peak is a complicated function of a large number of
factors, both instrumental and related to the nature of the sample [104], such
as:

the number of atoms of the element per unit volume:

e the primary electron current:

e the Auger transition probability for the element:

e the element ionization cross section by incident and scattered electrons:
¢ the mean free path of the emitted Auger electron:

e the angle between collected electrong and the normal to the surface:
¢ the analyser solid angle of acceptance:

e the analyser transmission function:

e the electron detector efliciency:

¢ the surface roughness:

e the backscattering factor.

So. the elemental quantification from first principles is nearly impossible us-
ing AES and XPS method. Thus. commonly used approaches to quantification
involve different assumptions and approximations.



68

Experimental

Qualitative analysis

In the case of Auger and X-ray spectroscopy. collected electrons are charac-
teristic of the emitter atom. A XPS spectrum has Auger electron peaks (KLL,
LMM., etc.) as well as photoelectron peaks corresponding to various energy lev-
els (1s. 2s. 2p. etc.), AES spectrum consists only of AES peaks. Photoelectrons
as well as KLL. LMM and MXNN Auger electrons produce observable peaks.
which allow for identification of all elements above helium by scanning an en-
ergy range from 20 to 2000 eV. The identification of peaks is collected in the
charts of the Handbook of Auger Electron Spectroscopy for Auger peaks and
in the Handbook of X-ray photoelectron spectroscopy for XPS ones [102.106].
These charts give the relationship hetween electron energies and atomic number.
In the case of XPS technique. the peaks are sometimes shifted. i.e., variations
in the elemental binding energies is observed. These variations depict chemieal
hondings of compounds existent on the solid surface.

Although. peaks from different elements can sometimes overlap. a complete
obliteration from a trace impurity by another dominant species seldom occurs
in practice.

Quantitative analysis

XPS§ peak quantitative analysis is based on the photoelectron peak intensity
I;. emitted from element ¢. The number of photoelectrons originating from a
depth 2 below the surface and emerging at an angle 8 to the normal to a solid
surface, is proportional to the peak intensity Ip. It also depends on the elec-
tron attenuation length A; and by cos(f) [79,96,97]. While the peak intensity of
non-scattered electrong I; is defined by Equation 3.11, I is proportional to the
element concentration and depends also on the following factors: photoioniza-
tion cross section, instrumental factors (like analyser transmission), efficiency
of the detector and sample area analysed by the photoelectron flux. Thus. the
peak intensity coming from the analysed solid surface is described by following
integral:

dxps
-
Li=T A ¢ Ces, - ;- Cy () - " 1 d )
=1, Qi * Tes, /9 C; (z) exl)()\i-(:os(ﬁi]) dz (3.16)
0

where:
s 7, is the analyser transmission:
e A; is the efficiency of detector:
& ¢; is the number of photons per second sent to the investigated element:

s 7., is the photoionization cross section:
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s; is the sample area analysed by photoelectron flux;

C;(z) is the concentration of elements ¢ located at the depth z from the
sample surface;

A; is the electron attenuation length:

6; is the take off angle of electrons:

dx pg is the XPS information depth.

As for XPS peaks. the measured Auger intensity I; is a value proportional
to the concentration to the analysed element 7. In contrary to XPS analysis,
a common AES quantitative analysis involves defining sensitivity factors S;.
5; are normalized to the reference material and can be tabulated for different
voltages bf the incident electron heam.

For two pure elemental samples defined by:

L L

=2 3.17
5 TS, (3.17)

each sensitivity factor is related to the reference sample sensitivity factor as
follows:
I
Sy = (1)  Sres (3.18)
Iref

The expression for the atomic concentration X; of every element ¢ can be
written as:

(3.19)

where the summation is over all observed elements.

Thig expression can be used for all homogeneous samples if ratios of sensi-
tivity factors in the matrix are constant. However, it minimizes the effect of the
surface roughness. Table 3.1 gives the sensitivity factors for different energies
of the incident electron heam [106].
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Table 3.1: Sensitivity factors used in AES analysis, for different energies of

ineident electron beam [106].

Atom | Ep =3 keV | Ex = 5keV | Ep = 10 keV
P 0.65 0.45 0.3
In 0.95 0.975 0.65
C 0.2 0.14 0.08
O 0.5 0.4 0.35
Au 0.018 0.35 0.0525
Ge 0.1 0.14 0.125

3.4.6 Electron analysers

Electrons emitted from the surface are accompanied by a noise signal. that
can obliterate the information regarding the chemical status of the surface. To
separate electrons emitted from the surface of the solid from the noise level and
to separate the electron energies coming from different element electron energy
analysers are used in surface spectroscopy techniques. Thus, the analysis of the
desired electron signal is possible because only electrons with a certain kinetic
energy pass through analysers. The current at the exit of the analyser is given by
the Equation 3.20 [92]. The detector used (a ‘channeltron’, comprised of several
electron multiplying electrodes) is situated at the exit plane of the analyser.
The channeltron amplifies the current of a single electron/ion with a factor 10°
but. even so. the resulting current pulse has a very small amplitude. Thus, at
the output of the channeltron. the current passes into preamplifier. The signal
is then processed by means of a pulse counter which delivers the electron/ion
e11ergy spectrurm.

5128

I(E) = T(E)- N(E) dE ~ T(E)- N(E) - AE (3.20)

AR
E S5

where N(FE) is the energy distribution of collected electrong and T'(E) is one of
the parameters that characterise the emission process. It is called ‘transmission’
of analyser and is equal to:

T{E)=A-E* (3.21)
where:
e A is a constant:
s F is the kinetic energy of electrons:

e k is the constant depending on the analyser.
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Figure 3.13: Schemaotic diagram of an hemispherical analyser [104].

Among all existant analysers. the Hemispherical and Cylindrical Mirror
Analysers are the most used ones. Therefore, the following section deals with
the description of electron analysers of this kind used for XPS and AES mea-
surernents.

Hemispherical analyser

The hemispherical analyser is comprised of two concentric hemispherical
electrodes. respectively biased with opposite potentials (see Figure 3.13). This
analyser disperses electrons according to their energy across the exit plane (be-
tween the two hemispheres] and focuses them from the entrance to the exit
plane. Only electrons with a certain energy pass from entrance to output of the
analyser.

The analyser used in experiments is a commercial Electron Analyser 125
produced by OMICRON electronics GmbH (Germany). It is based on a 125
mm mean radius electrostatic hemispherical deflection. The schematic picture
of the equipment of the EA 125 hemispherical analyser is shown in Figure 3.14.
It consists of:

e a hemispherical analyser:

an electrostatic lens;

filtered power supplies to provide analyzer and lens voltage:

channeltron connection feedthroughs:

a preamplifier:

e an entrance slit rotary drive;
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e an exit slit rotary drive:

s a viewport.

Hemispherical Viewport
analyser

Filtered plug lens
and
analyser voltages

Preamplifier

Exit slit Electrostatic lens

rotary drive

Channeltron
connection
feedthroughs

Hemispherical 4
analyser /4

o

(b) FA 125 analyser.

Figure 3.14: Hemispherical analyser used in XPS set-up (the laboratory of
LASMEA in B. Pascal University, France).

As it is shown in Figure 3.14. the input lens collects electrons from the source
and focuses them onto the entrance aperture of the analyser while simultane-
ously adjusting their kinetic energy to match the analyser pass energy. The lens
is also designed to define the analysis area and the angular acceptance of elec-
trons that pass through the hemispherical analyser. The lens design employs



3.4 Chemical properties of InP surface

73

a double leng concept whereby one is stuck above the other. The first lens is an
Einzel lens that selects the analysis area (spot size) and the angular acceptance.
The second lens retards or accelerates electrons to match the pass energy and
uses a zoom lens function to ensure that the focal point remains on the analyser
entrance aperture.

CMA analyser

The other largely used analyser is the ‘Cylindrical Mirror Analyser’ (CMA).
The basic analyser consists of two cylinders: the inner one is at the ground po-
tential and the outer one at a negative potential. These potentials determine
the pass energy. As it is shown in Figure 3.15. an electron detector is positioned
behind an aperture placed in the focal plane of the CMA. The CMA mean ac-
ceptance angle ¢ is defined by an entrance slit position in the inner cylinder.
The energy resolution is primarily determined by the chosen value of the accep-
tance half angle Aa that is defined by its width and size of the exit aperture. In
common practice where « is equal to 42.31 © and Aa equal to + 6 °, it allows for
a transmission 7" of around 7% and energy resolution £2 from 0.3 to 0.6% [104].
Advantages of the CMA method are a good resolution. a high transmission and
a short working distance. Moreover. it has the strong geometric advantage of
collecting electrons uniformly around 360 ° angle around the horizontal axis.

Outer cylinder p—

Samplc\/ _
Inner cylinder

Figure 3.15: Schema of CMA [104].

3.4.7 Measuring set-up

This section deals with measuring set-ups used for spectroscopic analysis.
The XPS spectrometer as well as the AES microprobe are detailed. Measure-
ment aspects and experimental conditions are also presented.
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XPS experimental set-up

For our studies, the LASMEA (Blaise Pascal University, Clermont-Ferrand.
France) spectrometer shown in 3.17 was used. It is equipped with:

s a X-ray source MgK, with an energy of 1253.6 eV:

a hemispherical analyser for photoelectron energy analysis that allows to
adjust the constant pass energy at 20 eV for high-resolution narrow scans
and 50 eV for low-resolution wide scans[107].

an analysis chamber with a pres-
sure in the range below 10717
Torr (see Figure 3.16);

an introduction chamber with a
sample introduction systern:

a sample positioning system (ma-
nipulator) allowing displacement
along the z. y, =z axes as well as
rotation:

a computer for instrument con-
trol. data acquisition and data
analysis.

AES experimental set-up

—
Electron gun

Figure 3.16: Analysis chamber.

For AES studies, a PHI 600 Scanning Auger Microprobe (Physical Electron-
ics, USA) in the laboratory of Applied Physics Department. Institute of Physics,
Silesian University of Technology was used. The owner of the PHI 600 SAM
system is the High-Tech International Services, Rome (Italy). The PHI 600
SAM systern allows for collection of the AE spectra under pressures of ahout
4-10~% Torr. The primary electron energy was of 10 keV with an incident angle

of about 30 °.

The sample current was 10 nA. The PHI 600 SAM system is

shown in Figure 3.18 and it is equipped with:

s an electron optical column for generating. focusing the electron heam as
well as scanning samples with this beam. The beam current is variable
over a range from 1 to 100 nA and beam diameter from 30 to 100 nm:

a Secondary Electron Detector (SED) for doing secondary electron imag-

ing of the sample:

a single pass Cylindrical Mirror Analyser (CMA) for Auger electron energy

analysis with multi-channel detection:
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Figure 3.18: PHI 600 SAM system (Institute of Physics in Silesian University
of Technology, the owner is High-Tech International Services, Rome).
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s a scanning argon ion gun with a differential pumping for in-situ sample
cleaning and sputter depth profiling;

an analysis chamber with a base pressure in the range below 10~% Torr
and with a load locked sample introduction system:

a sample positioning system with five axes of z. g, z. tilt and rotation:

a computer for instrument control. data acquisition and data analysis.

Scanning argon ion gun

The PHI 600 Scanning Auger Microprobe is also equipped with an Ar* ion
gun with a differential pumping for sputtering the sample. The sputtering is
a destructive method used to obtain in-depth profiles of a sample (elemental
composition) and analyse possible buried interfaces by erosion of the covering
material. as shown in Figure 3.19. It is done by ejecting atoms from a solid
targeted material into the gas phase due to energetic ions hombarding of the
sample surface. These collisions cause a momentum exchange hetween ions and
atoms in the sample. To measure the efficiency of the sputtering process, the
sputtered rate has to be defined. The sputtered rate depends on the energy of
incident ions, their masses. masses of targeted atoms and also on the binding
energy of atoms in the material.

Sputter Ar' Analysing
1on beam electron beam

Primary ion Y e
; @
beam @ ' -

Sputtered
rate

(a} Sputtering process. (b) Destruction and adhesion.

Figure 3.19: Anisotropic destruction in sputtering process and adhesion of
bombarded ions and electrons {green circle).

In the in-depth profiling analysis, the source of quantitative information like
thickness of analysed layers is the sputtered depth characterized by sputtering
rate. For estimation of the sputtering rate. the sputtering depth for the reference
sample and the material hardness data are needed. In this Thesis the reference
sample was a well-defined 100 nm thick SiQs layer grown on a Si substrate.
In order to estimate the sputtering rate for the InP material. first the sputtering
rate of Si0s was determined from the elemental depth profile, and then the
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sputtering rate for InP was estimated using the hardness coeflicients of these
materials.
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Figure 3.20: Sputtering rate estimation for the reference 100 nm 510y sample
for an incident beam energy of 3 keV.

The quality index of depth profiles and sputtering rate is the depth resolution
Az [109]. In practice, Az corresponds to the complete disappearance of SiQ0s
counting from the beginning of the Si substrate appearance (see Figure 3.20)
[108]. The estimated sputtering rate is approximately 8 nm per minute with
Az =~ 4 nm. for an incident beam energy of 3 keV. The estimation of sputtering
rate was done also for an incident beam energy of 1 keV. for thig beam energy
the sputtered rate is approximately 1.5 nm per minute.

In this Chapter a short presentation of experimental conditions and the
characterization of measuring set-ups used in determining sensing. electronic
and chemical properties hag been given. The next Chapter will deal with the
results of chemical status investigations as well as the results of rigorous analysis
of electronic properties. Results of the study of sensor behaviour and charac-
teristics will be also presented. Additionally, investigation results of the quality
of ohmic contacts will be shown.






Chapter 4

Results and discussion

In this Chapter the results of studies performed within the presented Thesis
are given and discussed. Firstly. the standard approach for quantitative analysis
of gas action on n-InP is presented with its advantages and simplifications. The
fundamental limitation is a simplified assumption ahout the negligible influence
of the initial chemical and electronic state of the semiconductor surface on the
adsorption process [23,27]. Therefore the main target of this Thesig is thor-
ough study of the chemical and electronic properties of the n-type InP epitaxial
surfaces to better understand the mechanism of gas action on these surfaces.

In this work, the electronic parameters of n-InP epitaxial layers. i.e., the
charge carrier concentration and mobility. both before and under oxidizing gas
action (NOgy, O3) are studied by means of the adapted Van der Pauw method in
Hall effect measurement. Furthermore, the theoretical analysis based on rigor-
ous computer calculations are carried out in order to characterize the influence
of surface states on the near-surface region and layer conductivity. The chemical
properties are studied by means of surface techniques. i.e., X-ray photoelectron
spectroscopy and Auger electron spectroscopy combined with ion sputtering.
The [Atomic force microscopy of the n-InP and ohmic contact surface is used
to establish their roughness. The scanning electron microscopy images of the
contact region are also given. The sensing properties have been tested in terms
of sensitivity, response time. influence of active layer thickness, influence of tem-
perature. sensor response stabilization at very low gas concentrations (less than
50 ppb).

4.1 NO; action on InP surface

In previous works Talazac et al. [26,27,32,33,34,35] proposed that as NO, is
an oxidizing gas having one unpaired electron. so. its action consists of a captur-
ing electrons by gas molecules from the semiconductor bulk and creation of the
depletion layer. The action of NQOy at the semiconductor surface is described
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by the adsorption law (see Section 2.4). If one assumes that the distribution of
active sites is not uniform and that active sites are not energetically equivalent.
then the adsorption process may be described by the Freundlich isotherm em-
pirical law (see Equation 2.16). After gas desorption, the layer resistance goes
back to its initial stable level, so that the gas desorption may be considered as
complete.

In conclusion. when the adsorbed gas molecules and the semiconductor are
in thermal equilibrium,the depletion layer W may be deseribed as a function of
coverage rate of gag molecules @ and it is given by Equation 4.1. To obtain the
relationship between W and gas concentration C the Freundlich isotherm (see
Section 2.16) is used as follows:

W = £(0) (4.1)
W= f(p-C™) (4.2)

which gives:
W = ps + ps3 - In(C) (4.3)

where py, py and p; are the constants.

Furthermore, in thig model it was assumed that the changes in conductance,
due to gas action, are caused by changes of the active layer thickness d due
to a creation of the depletion layer with a thickness W. Taking into account
Equation 2.19. the InP layer relative conductance changes are as follows:

AG W
Gim’tiaf B d

(4.4)

where AG is given by Equation 4.5: G is the initial conductance of the
sample and G, is the conductance under gas adsorption.

AG - |Gg(15 - Gin‘itiﬂ.!| (4'5)
o4
Ginitia! = 7¢ (46)
e (d—W
Gy = 2 (@2 W) (4.7)
41

where ¢ and a are sample dimensions as it is shown in Figure 2.9.
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It may be assumed that the creation of the depletion layer. resulting from
the gas adsorption. can be considered as a limited process. From this conclusion.
the relation between W and C can be given by the logarithmic function:

AG _ P2t ps- n{(C)

4.8

Ginitia! d ( ]

AG = A+ B-n{(C) (4.9)
Ginitia!

Therefore, taking into account Equation 2.20 the relative resistance changes
as a function of gag concentration are expressed by the following relationship:

Roee = o _ 4\ . in{C) (4.10)
Rga.s

where A and B are characteristic parameters of the system under consideration
(an adsorbed gas molecule and a semiconductor surface).
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This approach has been used in this Thesis for the quantitative descrip-
tion of the results of measurements of the stabilized InP sensor responses to
NQs at 80 °C versus gas concentration for different InP layer thickness. The
measured dependencies of the sensor sensitivity versus NO; concentration are
shown in Figure 4.1. They are compared with the best-fit logarithmic curves
calculated from Equation 4.10. which describes phenomenologically the charac-
ter of changes in the experimental data. The values of the A and B constants
appearing in Equation 4.10 are given in Table 4.1.

The applied phenomenological model of the resistance changes upon gas
action is largely used in gas sensor research [24,27,32]. However, this model is
very simplified and does not take into account such an important factor like
the initial chemical and electronic state (native oxides, surface states) of the
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surface before gas adsorption. According to literature. e.g., H. Hasegawa et al.
[37], the semiconductor surface covered by native oxides is characterized by a
high density of surface states, which are responsible for many undesirable effects
like Fermi level pinning and existence of depletion layer on n-InP. Thus, in this
work the chemical and electronic properties of the InP surface are studied to
get more realistic characterization of the active layer and to understand better
the gag action on InP surface. Also. the investigation of ohmic contact quality
and possible influence on the sensing n-InP mechanism are studied in this work.

Table 4.1: A and B characteristic constants for adsorption process.

Thickness (um) A B
0.2 - 0.0019 | 0.0175
0.3 0.0043 | 0.0107
0.4 - 0.001 | 0.0037

4.2 Ohmic contacts

Ohmic contacts were realized as explained in Section 3.1.2. To eliminate
the influence of contacts on sensing mechanism of InP, the contact were covered
by varnish. The structure with covered contacts was exposed to gas and its
response was registered as previously explained. Experimental results show that
sensors with varnished or unvarnished contacts exhibit the same sensitivity and
response time.

Despite the fact that the gas does not react directly at the ohmic contact.
the process of contact fabrication and the quality of its results strongly affects
the sensor characteristics. High quality ohmic contacts are needed during the
sensing parameters tests, especially when performing Hall effect measurements.
To assess quality of ohmic contacts, their specific resistance was estimated (see
Section 2.5.2). The estimation of the resistance of our contact is done using
a sample with a n-InP layer thickness of 0.2 ym with contacts evaporated as
shown in Figure 3.2. The estimated contact resistance is equal to 270.6 Ohm.

4.2.1 AES in-depth profile

The quality of ohmic contact realization is also tested in terms of the chem-
ical composition of the contact by means of depth profiling. Figure 4.2 shows
the depth profile of the contact as a function of a sputtering time. Thig Figure
depicts the component relative concentrations versus sputtering time. It can be
seen that our contact consists mainly of gold and germanium and the signals
of carbon and oxygen contaminations are negligible. This gives complementary
evidence of the high quality of the contacts.
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Figure 4.2: Ohmic contact elemental composition in-depth profile from AES
analysis.

4.2.2 AFM image analysis

Using Atomic Force Microscopy analysis, the height of ohmic contact on the
n-InP surface is estimated to 135.7 nm (see Figure 4.3). From this Figure it may
be found that around 45 % of the evaporated metal thickness diffuses into the
InP layer. however this value can vary with the contact area. This diffusion is
possible by implicating annaeling process in the contact realization. The contact
metal diffused into the sample creates in the semiconductor an area more doped
than that the bulk. which is a principle of ohmic contact fabrication.

Since the annealing process seems to be very important in ohmic contact
technology, its influence on the surface RMS (RMS: Root Mean Square) rough-
ness of ochmic contact surface is also investigated. In Figure 4.4 a sample before
annealing is compared with one after annealing. The contact surface RMS
roughness for the non-annealed sample is equal to 9.4 nm and for the annealed
one to 3.9 nm. These results show that annealing ameliorates the diffusion of
the deposited metals in the InP layer and homogenize the surface of the ohmic
contact.

4.2.3 SEM image analysis

Figure 4.5.a. is a SEM phota of our contact showing the boundary hetween
the sample and the contact surface. The existence of evaporated metals is only
observed on the contact surface and the contact-InP houndary is well marked.
This shows that the metal evaporation and deposition process resulted in the
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Figure 4.3: AFM image of the boundary between n-InP surface and contact
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Figure 4.4: AFM images of ohmic contact surface.
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Figure 4.5: SEM mages.
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desired contact geometry and that the stainless steel mask used during this pro-
cess was well adapted to the task. Moreover. the image of contact morphology
was realized as it is shown in Figure 4.5.b. The obtained morphology image
well shows that our contact surface is uniform.

4.3 Chemical properties of n-InP surfaces

The aim of the chemical analysis is to estimate the chemical state of the
n-InP surface before and under gag action. It should be noted that the studied
surfaces are affected during the ohmic contacts fabrication by annealing process
(in vacuum, at temperature of 300 °C). The analysis of annealing influence on the
chemical state is already well studied [28,74,79], but the analysis of annealing
process influence was never performed on our samples (n-InP epitaxial layer
from TEMX). According to literature, during the annealing process the carbon
contamination appears on the pure InP layer and the layer of phosphorous oxides
develops. Thus, the XPS and AES analysis of the InP hased sensor surfaces after
annealing process are carried out. Moreover, the Ar* ion sputtering technique
combined with AES spectra registration is used to obtain in-depth elemental
composition profile of InP near surface region.

4.3.1 Auger results

The AES microscopy study. combined with in-depth profiling was performed
in terms of both qualitative and quantitative analysis of the chemical compo-
sition of InP epitaxial surfaces and near-surface region. For AES experiment,
as it is written in Chapter 3. the Physical Flectronics PHI 600 Scanning Auger
Microprobe was used. The base pressure in the analysing chamber during col-
lecting the AES spectra was 4-107% Torr. Experiments were done for different
primary electron energies from 3 to 10 keV that allowed to obtain the best
results and minimize artifacts of artifacts. The incident angle of the electron
beam with respect to the normal to the surface was 30 © and the sample current
was 10 nA. The in-depth profiling of InP epitaxial layers was realized using the
scanning Ar— ion gun with an energy of 3 keV and 1 keV, for result comparison.
The ion gun was inclined at about 50 * with respect to the normal.

AES spectra registered from InP sensor surfaces after ohmic contact fabrica-
tion and before gas action are summarized in Figure 4.6. These spectra consist
of P peak (LLM transmission], In peak (MNXN], C and O peaks (KLL). Figure
4.6.a depicts the Auger spectra as a function of the progressive surface sput-
tering (duration of 1.2 s). The first spectrum (at the bottom) represents the
sample surface before the sputtering process. Then. the sample is submitted to
sputtering cycles 1.2 s each. and after each an Auger spectrum is taken. From
the first sample spectrum. it can be observed that the InP surface is initially
totally covered by carbon and oxides. Then, after 1.2 s of Ar* sputtering, the
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indium peak appears. After around ten sputtering cycles. the phosphorus peak
can be observed while the C peak almost disappears.

For quantitative analysis of the surface chemical composition a derivation of
the measured AES spectra was made, which results in what is termed ’peak-
to-peak’ graphs. In Figures 4.6.b and 4.6.c. examples of peak-to-peak graph
are shown. Thus. using data from these Figures. Equation 3.19 and Table 3.1
relative concentrations of each ele-
ment may be estimated. Figure 4.7.a Carbon and orides
displays the relative concentrations of
atoms for each sputtered spectrum. It InP oxides
may be observed quite clearly, that on
the InP surface there is only oxide and
carbon contamination layer and after
25 s of sputtering. relative concentra-
tions of P and In are much bigger than
the ones of other components. It can Figure 4.8: Layered model
be observed that at the surface. the In of InP sample.
concentration is much bigger than for P with a coeflicient 3. However. after a
number of sputtering cycles the peak of P atom evidently appears.

In Figure 4.7.h. the concentration ratios of components are presented. In this
Figure three areas can be estimated, the first one with a great amount of carbon
(the range from 0 to 15 s of sputtering), the second one (from 15 to 24 s) where
after the fast disappearance of carbon. its quantity is muich smaller and the third
one (< 24 s) where the ratio of the
In/P tends toward 1 that is the nor-

mal value for the InP bulk. Therefore, Table 4.2:  Awerage atomic
in Figure 4.8, the assumed from the concentration. for 45 s of sample
AES results. layered model of a sample sputtering.

structure is presented. It consists of a Atom | Concentration (%)
carbon and oxide contamination layer. In 20

a continuous layer of InP oxides and P 24
non-continuous alternate layers of In O 21

and P from InP. It should be stressed C 35

here again that InP oxides layer starts

with In oxides what is evident from Figure 4.6.a. Using the information from
the Figures 4.6 and 4.7. the average concentration after a sputtering time of
45 s can be obtained. they are collected in Table 4.2.

4.3.2 XPS results

The XPS spectrometer used in this study and described in Chapter 3 is
equipped with a MgK a X-ray source (1253.6 eV) and a hemispherical analyser.
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The constant pass energy used was of 20 eV for high-resolution narrow scans
and 50 eV for low-resolution wide scans [93,107]. The n-InP spectra have been
collected for an active layer thickness of 0.2 ym. The collected general spectrum
from (100) n-InP epitaxial surface is typical of the ones obtained from (100)
InP surfaces. Figure 4.9 shows the general spectrum from n-InP that consists
of peaks bf phosphorus (Py,. Ps,), indium (Ing,, Ing), oxygen (O,,) and carbon
(C1s). From the zoom on certain peaks show that after thermal annealing in
hydrogen. changes in XPS peaks are observed. In Figure 4.10, it can be observed
that significant changes appear in InP oxide peak from zoom on Py, it means
that probably the P oxide layer develops due to annealing. The shift of the
Ci. is also due to annealing process. The peak O,, seems to be thinner after
annealing, but the decomposition of thig peak did not give a strong prove that
it is only due to P oxides development. No significant changes in peak Ing, are
observed.

From Figure 4.10. the existence of the well developed oxide layer is evident.
Therefore. a detailed analysis of the chemical composition of In and P peaks has
been performed. Figure 4.11 gives the detailed deconvolution spectra analysis of
the Po, and Ing,. collected from as received InP sensors (i.e., the surface has not
heen exposed to gases)]. The Py, core level spectra exhibit two pairs of peaks:

o the peaks at low binding energy (BE—129.154+0.2 ¢V, FWHM=1.240.1 &V)
consists of the spin-orbit splitting and branching ratio 2ps,»/2p) 2 being
fixed respectively at 1.2 eV and 2.2.

s the peaks at high binding energy (BE—133.85+0.2 ¢V, FWHM=1.440.1 &V)
can be assigned to an InP peak, and a mixture of surface InP oxides
(mostly P20s).

The Inyy, , core level spectra can be fitted with two peaks assigned to:
¢ InP (BE—444.7640.2 V. FWHM=0.98+0.1 &V);

¢ In;03 (BE—445.17+0.2 V. FWHM=0.61+0.1 &V);

¢ InP oxides (BE—445.740.2 eV. FWHM=0.61+0.1 eV}; it can be assigned
to lall the other existent oxides on the InP surface.

S0. the XPS results in terms of peaks position are in good accordance with
literature [110]. Moreover, the oxide layer was characterized as In;Og (probably
on the top. see results of AES in Figure 4.6.a.), InP oxides (a mixture of In and
P oxides), P2Os.
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Figure 4.12: Gas sensor response stablization phenomena, due fo 100 pph of
NQOsy, at 80 °C for the epitazial layer thickness of 0.5 um.

4.3.3 Quantitative analysis of XPS

As NOs, is a strongly oxidizing gas. it can provoke changes in chemical surface
state. During our studies. it was observed that the sensor response develops up
to the stabilization as a function of NQs exposures. Figure 4.12 displays two
sensor responses of the same gas sensor device of epitaxial layer thickness equal
to 0.3 pm. working at 80 °C. The first graph represents the sensor reponse due
to first gas exposure, while the second one represents the stabilized gas sensor
response due to 6 exposures of 100 pph of NOs, every exposure durated 4 hours.
Thig phenomenon may be explain by the surface state stabilization in terms of
native oxide layer changes. Thus. to estimate its changes. a procedure based
on the quantitative XPS analysis (see Section 3.4.5) and the Auger results was
developed.

From the obtained AES and XPS
results it follows that the sensor struc-
ture consists of the outer layer (a car- [ (G, T;, 6, 6)
bon and oxide contamination layer),
a continuous layer of InP oxides and
non-continuous alternate layers of In :
and P (see Figure 4.8). Thus. tak- LE O akde
ing into account attenuation layers for
following components and Eguation
3.16. the photoelectron path can he
determined. Namely. In and P peaks
originate partly from InP and InP ox-
ide layers: detected photoelectrons of
these peaks are attenuated by the con-
tinuous layer of InP oxides and by the
carbon and oxide layer. The oxygen

Carbon and oxides

Figure 4.13: Schema of the XPS
analysis principle.
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peak originates from the continuous layer of InP oxides and is attenuated by
the carbon layer. Finally, the carbon peak results from the surface layer emis-
sion. Figure 4.13 displays the path of the photoelectrons from the emission site
to the surface, where they are collected. In conclusion. peak intensities of In
and P consist of the signal coming from the alternate In-P layer. In addition.
they are attenuated by a continuous layer of oxides and carbon. The peak in-
tensity of O consists of the signal coming from continuous oxide layer and is
attenuated by the carbon layer. The peak intensity of C is coming from the top
of the surface. So. photoelectron peak intensities I (Equation 3.16) for every
constituents are given by following equations:

—dxpg —de
LeMninl L gMnic +

I — 5mmwlayer : Tfn *Tesrn
in — Qf’h: . 9 —dxpg
1 — e MniInF

A—dxps A—dc
q—l)fvt : Cf‘rz : Tf‘rz * Tesp,, ! )‘Ire;"fnP ‘ 1 — g™iniinr - €7In/C
(4.11)

—dxpg —de
L PP L grPic +

5mmwla- er * TP *Tcs
I _ (l‘l' Y P
P —=%E a-dxps
1 — e ‘Piar

;'ixps A—dc
(bP'CP‘TP'G'c.«;p‘)\P;'InP' 1 — e?ritar . grpic

(4.12)

—dx ps —d¢r
Io=0¢0 Co-To - Cr, - Xojor - (1 — ¢ Moo ) cgloic (4.13)
Io =¢0 Co-To - Cese. - Aoje - (1 — e*cfc) (4.14)

where d,,onolayer 15 the thickness of one monolayer and dx ps can be described by
the layer thickness that attenuates the signal (like d¢ is a thickness of carbon
layer) or by the information depth. In addition, ¢ is the cross section and T is
the analyser transmission.

For the simplification of the analysis, the following assumptions are made:

¢ =¢ Vi (4.15)

;=0 Vi (4.16)

The other data used in the analysis are given in Table 4.3. To establish this
model, ratios between the signal peak area of all the elements constituting our
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structure (In/P, In/O, P/O or In/C, P/C, etc.) are used. These ratios are given
in Table 4.4. The signal depends strongly on the depth of the emission site d.
Therefore. simulated signal ratios are for different depths, ranging from 0 to 5
nm. Through comparison of experimental ratios of signal peak area with results
of simulations. the element concentrations used in simulations was as from AES
measurements (In - 20%. P - 24%. O - 21%. C - 35%). So. the evaluation of
the depth for which all theoretical ratios are in agreement with experimental
ones was done. This depth corresponds to the sum of thicknesses of the InP-
oxide layer and carbon and oxide contamination layer. It should be noted. that
from AES profiles the oxide and carbon layer seems to disappear continuously
with the sample depth while in our modelling a layered near-surface structure
to make the calculation possible was assumed. The chemical composition

Table 4.3: Data used in XPS analysis for each near-surface constituent.

Constituent | g..% | A (nm) | T - 1072 (eV~1¥)
In/InP 22.43 1.85 448
P /InP 1.35 2.46 2.67
0/0 2.85 1.7%8 5.14
C/C 1.00 2.00 3.29
In/C 22.43 2.26 1.36
P/C 1.35 3.09 0.81
O/C 2.85 2.,25 1.56

*photoionization cross section for MgKa
in units of the C;, cross section of 22000 barns

Table 4.4:  Exzperimental peck ratios used in XPS analysis.

Constituents | Peak ratia before | Peak ratio after NO,
In/P 26.75 22.38
In/O 9.97 7.45
P/O 0.37 0.33
In/C 41.18 31.61
P/C 1.59 1.41
O/C 4.13 4.24

changes due to the gas action were observed to be over when a stable gas
sensor response was obtained. The experiment with gas was realized in cycles
of gas exposures of 10 hours each. After every exposures the XPS study was
performed. The obtained changes in component thicknesses and concentrations
were observed to be over after 50 hours of gas action at ambient temperature,
that is in good accordance with gas sensor response stabilization observed at 80
°C (temperature may improve the process). The results of the XPS analysis are
given in Tables 4.5 and 4.6. Table 4.5 presents the constituents concentration for
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Table 4.5:  Results of concentration changes due to gas action.

Constituent | Concentration % | Concentration %
hefore after NO,
In 20 23
P 24 30
Q 21 25
C 35 22

Table 4.6: Results of thickness changes due to gas action.

Constituent | Thickness (nm) | Thickness (nm)
hefore after NO,
InP oxides 3 3.3
C 1.4 0.7

as-received sample and working as a gas sensor one. In Table 4.6 the thickness
changes in oxide and carbon contamination layers before and after gas action
are collected. Before gas action. the XPS analysis gave us the thickness of
oxide layer around 3 nm, with the depth of carbon and oxide contamination
layer equal to 1.4 nm. which seems to be in agreement with AES measurements,
on ‘as-received’ samples. In simulations of the XPS signal intensity for the
sample after the gas action, assumed component concentrations change being
as following: In 23%. P 30%. O 25%. C 22%. For these concentrations found.
the oxide layer thickness is about 3.3 nm. Furthermore. after exposure to gas,
the carbon layer seems to be twice smaller than that before (around 0.7 nm) [22].
It should be mentioned here that the same results of native oxide layer thickness
(around 3 nm) was found by the elipsometry technique [non published results
realized by Dr M. Mihailovic in LASMEA|. Alsa by elipsometry after exposure
to ozone, we did not observed the great change in oxide layer thickness, it also
proves the stability of the InP oxide layer.

4.3.4 AFM images

Changes in the native oxide layer were also studied in terms of surface RMS
roughness. In Figure 4.14, images of the InP surface and characteristic pa-
rameters for AFM analysis like RMS and average surface roughness (Ra) are
presented. These Figures show the n-InP surface before and after gas action.
The surface RMS roughness analysis evidently shows the changes in surface
roughness due to the gas action. Before the gas action, the RMS roughness is
equal to 0.430 nm. After gas exposures up to the sensor response stabilization.
the RMS roughness is equal to 0.771 nm. These results also verify the assump-
tion that the oxidizing gas exposure causes changes in the surface structure.
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Figure 4.14: AFM images of the n-InP surface.
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Figure 4.16: AFM image of the n-InP working sensor.

Figures 4.15 and 4.16 display the additional analysis of the n-InP surface be-
fore and after gas action. From these Figures the existence of sloped objects
on the InP surface is observed. Changes in the surface of an as-received sensor
and already working one can he also observed. The changes are visible in the
heights of the sloped objects and in their forms heing smoother for the structure
exposed to NOs.
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4.4 Studies of electronic properties

In the previous section the existence of a complex system of InP-related
native oxides on InP epitaxial surface was proved. From literature the existence
of oxide layer causes the high density of surface states that was found to be equal
(in the minimum) about to 10'* V=" cm~2 in the case of InP [28]. The U-shaped
continuum of surface states related to structural disorder, which is distributed
at the native oxide-InP interface determines the amount of charge captured at
the interface from the InP bulk and thus. the initial surface band bending and
the depletion layer width. On the other hand. the electrically active interface
influences the gas molecule adsorption. Therefore, it is important to characterize
the surface electronic properties in order to understand better the mechanism of
the epitaxial n-InP layer conductivity and the gas sensing process. Furthermore,
from the studies of the influence of surface states on the electronic properties
of InP epitaxial layer. i.e., interface band bending and Fermi level position.
as well as on layer resistance with respect to the layer thickness, doping and
temperature. the important information for sensor technology can be obtained.

Within this Thesis, the electronic properties of InP layers were studied by
means of rigorous calculations and Hall effect measurements. In the calcula-
tions. the systemn consisting of the native oxide thin film and InP epitaxial layer
is represented by the continuous interface states with the density distribution
Ngs(E) as described in Chapter 2 (DIGS model).

4.4.1 Principle of rigorous analysis

Calculations were performed using a computer simulator developed by
T. Saitoh et al. [31,111].  This
simulator uses a one dimensional s
Scharfetter-Gummel-type vector ma-
trix algorithm. for self-consistent solv-
ing of Poisson’s equation, current “g

Donor Acceplor j
. . . . like states  like :~mlc:~'/
equations and continuity equations for i

electrons and holes. As a result. the =

electron n{z) and hole p{z) concen- ng.: _ _ _

trations as well as potential V{z) as a E, -{I5 E,
function of the distance from the sur- 10" ]

face z are obtained. The surface po- Energy bandgap (¢V)

sition of the Fermi level Ef as well
as the layer resistance are also calcu-
lated.

Figure 4.17: Surface state energy
distribution Ngg(E)} at InP surface
assumed in coleulations.

In these calculations. the bound-
ary conditions are defined by the surface electric field that depends on the
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surface state energy contribution Ngg(F) and the surface fixed charge Qpc:

E, = f(Nss(F),Qrc) (4.17)

For modelling the interface states energy distribution, the U-shaped DIGS spec-
trum in the energy gap is assumed. It is calculated from Equations 2.11 and
2.12. Its graphical representation is shown in Figure 4.17. The data used in
calculation are given in Tabhle 4.7. Tt consists of the donor-like surface states
(positively charged if they are empty. and neutral if occupied) distributed helow
the so-called ‘charge neutrality level’ Fya and the acceptor-like surface states
(neutral if empty. and negatively charged by electrons taken from the conduc-
tion band if occupied). The position of the Eya level in the energy band gap
does not depend on surface treatments or the type of adsorbed molecules. For
InP. the Epo level lies 0.37 eV below the hottom of the conduction band Epq
[29,37].

Table 4.7: n-InP bulk and surface parameters af 300 K used in simulation

129).

Parameter InP

Band gap E, (eV) 1.35

Electron effective mass m,/mg 0.077

Hole effective mass m,/mg 0.64

Dielectric constant 124

Charge neutrality level Eyo — Eeo (eV) -0.37
Donor distribution parameters Fog(eV); ng 0.26: 1.4
Acceptor distribution parameters Ey, (eV); n, | 0.22: 3.8

Surface states cross section electrons and holes | 106

4.4.2 In-depth profiles

Results of simulations as well as previous experimental results show that the
sensor sensitivity increases with the decrease of the InP active layer thickness
[20,23,26]. It means that for thin sample the near-surface region may play a
great role in sensing mechanism. The InP surface is characterized by the high
density of surface state mostly related to the native oxide-InP interface which is
responsible for creation of the depletion layer with a width W in InP. Therefore,
samples used as a gas sensor suppose to be rather sensitive to the surface state
and as following to the depletion layer width. This is one of the reasons why
simulationg taking into account the layer thickness d and the doping level Ny
have heen realized. The other reason is that the results of such analysis can
provide important information for InP sensor optimization in terms of & and
Np parameters.
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The simulations of the charge carrier profiles in the near-surface depletion
region were performed for the n-InP layers with different doping. in dark con-
ditions that corresponds to the experiment. The calculations were done for the
n-InP sample with Ngg, equal to 0 and for the samples covered by native oxide
layer with a typical value of Ngg. equal to 10'? eV~ cm~2. The results of sim-
ulationg are sumimarized in Figure 4.18. It is clear that the thin sample with a
small doping level will he very sensitive to the depletion layer W. On this basis
we are able to determine the thickness of the InP layers for further electrical
experiments to avoid a total depletion. In addition. the depletion layer width
was calculated using Equation 2.10 (see Chapter 2]. The results of calculations
are given in Table 4.8. The value of the surface potential V was caused by Ngg.
of 10" eV~! ecm~? and calculated using the simulator.

depleted area=0.097 pm  =0.48 pm
T T U

. P - N |_“-'I em™ 1
i

= (¢
"l _“|||HI'

nl3
10

T

T=20°C

— . -3
Carrier concentration n (cm ™)

10" L L I L
10° 10° 10" 107 10
Depth (em)

Figure 4.18: Calculated in-depth profiles of the charge carrier density in n-InP
layers for different doping level in the case of flat band condition { Ngg. equal
to 0 and under depletion due to surface states (Ngg. of 10'% eV=1 em™2).

Table 4.8:  Calculated W caused by Ngg. of 10" V™" em™? for different Np.

Np (em™) | W (um) | [V,] (V)
1-107 0.48 0.16
2. 100 0.097 0.14
1- 107 0.041 0.12

From this Table one can note that the thickness W changes with Ny by
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ahout one order of magnitude when Ny changes by two orders of magnitudes.
Thus. for the further sensor studies samples with the layer thickness from 0.2 to
0.4 sm and the doping level equal to 2 - 10 em~? were chosen. For this doping
level, the sample thickness should be equal or superior to 0.2 ym. otherwise the
depletion layer takes more than 50 % of the active layer thickness.

4.4.3 Ngs(E) influence on sensor electronic characteristics

In the case of III-V semiconductors. surface/interface states are responsible
for the Fermi level £ pinning. The barrier height. in the case of strong pinning,.
is almost insensitive to surface phe-
nomena like ion/gas molecule adsorp-
tion. Thus. surface states with a high
density may even dominate the phe-
nomenon of resistance changes due to
gas action. In conclusion, it seems
evident that in gas sensor technol-
ogy. the key issue in optimization
ITI-V based sensor devices is the con-
trol of the density of surface states,
Fermi level position and band bend-
ing [29]. Therefore, the influence of
surface states on the sample resistance Figure 4.19: Calculated Fermi level
R in terms of ratios between R with
and without surface states was inves-

10" 10" 10" 10"

L, WY
NSSI] (eV em™)

position at InP surface versus
minimum density of U-shape surface

tigated. Moreover, a rigorous theoret- states (Nss, ) at n-InP surface for
ical analysis of the surface Fermi level Np o 2. 1% com-3.

behaviour as a function of Ngg, was
performed. The Fermi level position is calculated as a function of the Ngg,
changed from 0 to 2 - 10'% eV~ 1em ™2,

In Figure 4.19, the calculated Fermi level position is presented. As Ngs.
increases from low values to 10" eV~'em™2, E. moves from the bulk position
towards the charge neutrality level Fyg. The energy band bending increases
more and more that creates a depletion layer. In the range of Ngg. equal to
10'? eV~ 'em ™2, a weak inversion develops. Thus. the shift rate of Ey is weaker
for small values of Ngg. and Ex approaches asymptotically Eyo. This means
that the surface Fermi level is strongly pinned around Egg, even if the surface
state density increases.

The results of calculations of the relative resistance R./IRNSSCZO versus Ngg.
and n-InP film thickness. presented in Figure 4.20. give evidence for the strong
influence of surface states on the electronic characteristics for d in the sub-
micrometer range. The impacts of the charged surface states give rise to the
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R/RnNsg,=a(Nss.) plots for the thinnest layers (Figure 4.20.a). On the other
hand. the curves shown in Figure 4.20.b are much better resolved with respect
to Ngg. in the case of thinner layers compared to thicker ones. In conclusion.
for thicker samples. the influence of surface states on electronic characteristics
is observed to be much smaller than for thin samples. As. the sample with
the biggest sensitivity to Ngg.(E] will be characterized by a high sensitivity
to charge in these states and as following to surface phenomena as adsorption
process. thus the most sensitive samples will be characterized by the smallest
active layer thickness.

4.4.4 Qprec impact on electronic properties of InP

Simulations of the band bending modification due to the introduction of the
surface fixed charge @Qre taking either positive and negative values were also
realized. Such a charge represents the effects of adsorbed ionised molecules that
electrostatically change the band bending and the Fermi level position at the
semiconductor surface. It can also be defined as a 4-doping that is commonly
used for optimization of devices electronic properties. Values of Qg are chosen
to change band bending from inversion to accumulation.

In Figure 4.21, the calculated changes in the surface Fermi level position as a
function of the Qrc/q (where ¢ represents an elementary charge) are presented:
the value of Ngg,. is fixed and equal to 10'* eV~ cm~2. The movement of Ey
with respsect to Qg shows the range where the InP surface/interface is particu-
lary sensitive to the negative or positive fixed charge. The presented dependence
of Ep versus Qpc/q can be used for the optimization of MIS based sensors, by
means of shifting the working point along Ex(Qp¢) curves, resulting in modi-
fving sensing properties [29]. Particulary important in this curve is a midpoint,
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Figure 4.21: Calculated values of
Fermi level position versus Qe /q.

Figure 4.22: Dependences of the InP
layer resistance ratio versus Qpc/q.

where the surface Fermi level crosses the Fermi level in an intrinsic semiconduc-
tor. It means the sensor structure becomes sensitive to negative as well as pos-
itive charges. Moreover, in the linear part of thig graph. the surface Fermi level
will be the most sensitive to any changes on the surface due to adsorption of ions.

Figure 4.22 represents calculated
changes in InP layer resistance as a
function of Qp¢/q for different min- 0F
ima of the surface state density. It is
evident that surface states strongly re-

Potential (V)

duce dynamics of the InP sensor sen- 04 | — Q=0 em? |

sitivity towards ionic species in terms 2 I S:L:[l:; ‘

of Qrc. In Figure 4.23. the profile of — Qrt10®
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band bending induced by both surface 10" il ull il
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and the surface fixed charge. The ex-
istence of surface fixed charge caused

Depth x (cm)

Figure 4.23: Potential in-depth profiles
as a function of Qrc/q.

the strong change in surface potential.
Moreover, the potential value at the
surface without surface fixed charge is smaller than zero. This supports the
assumption that surface states create the depletion layer in the near-surface
region even before surface adsorption.

4.4.5 Temperature influence on electronic properties

In addition. the rigorous calculations regarding the influence of temperature
on sample resistivity and depletion layer have heen performed. The theoretical
calculations of the in-depth profiles of the electron concentration n{z) and of
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Figure 4.24: Influence of temperature on n-InP electronic parameters.

the resistivity p(z) of InP sample as a function of temperature was computed
(see Figure 4.24). In Figure 4.24 the n{z) and p{(z) profile versus depth for
different temperatures from 20 to 100 °C are presented.

From Figures 4.24 it is shown that changes in the profiles of n{z) and p{x) are
rather moderate versus temperature. For the initial InP surface. the influence
of the temperature on the depletion layer in the studied range is rather slight.
However. from the same Figure. the resistivity and charge carrier concentration
of the near-surface region are rather affected by temperature. In conclusion the
electronic properties of the sample with a thickness in the range of the depletion
layer width may be modified by the temperature.

4.5 Studies of InP gas sensor

Once. the sensor device is characterized in terms of its chemical properties
and the strong influence of surface states on electronic properties is shown, the
experimental study of sensor electronic properties in terms of the Hall effect
measurements combined with rigorous calculations is performed. Based on the
results presented in this Chapter. a probable mechanism of NO, action on the
n-InP surface is proposed.

4.5.1 Electronic properties

In simulations, a number of parameters are used to get the p{z) and n{z)
profiles as a function of the surface conditions regarding the surface states.
These parameters are collected in Table 4.7. In order to determine the various
electronic characteristics, including the sample resistance from Equations 2.19
and 2.20. one needs to know the mobility of charge carriers. Therefore, electronic
properties in terms of the Hall mobility and density of charge carriers ag well
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as the resistivity of active layers were investigated by means of Van der Pauw
measurernents.

The experiments were realized on the samples with epitaxial layer thick-
nesses of 0.2 and 0.4 gm. The results were elahorated using an approach based
on pssumption that the layer thickness is constant. In the calculations of the
electronic parameters it was assumed that the active layer thickness is equal to
the InP epitaxial layer thickness after the subtraction of depleted layer thickness
(0.097 pm). The sample resistivity was obtained from the Hall effect measure-
ments without magnetic field. while the mobility and the charge carriers density
were measured under a 0.3 T magnetic field. Measured values and their uncer-
tainty values are collected in Tables 4.9 and 4.10. Tt is not suprising that the
uncertainty of certain measurements are rather big, especially in the case of the
Hall mobility: it is often the case when the layer thickness is in the sub-micron
range. The uncertainty values are calculated as indicated in Appendix F.

Table 4.9:  Electronie properties of n-InP active layer d — 0.2 pm.
e (Q.em) | pg (ecm?(V.s)™1) n (cm™)
0.187 + 0.004 1214 + 232 2.7-10% £ 0.1 - 10"

Table 4.10: FElectronic properties of n-InP active layer d = 0.4 pm.
p (Q.em) | py (em?(V.s)™1) n (em3)
0.257 £ 0.005 2732 £ 204 1.4-10' 4+ 0.2 - 10'°

Table 4.11:  Ezamples of literature electron mobilities for InP af 300 K.

i@ (em?*(V.s)™1) InP References
3670 MBE layers [119]
4000 — 5000 MOVPE layers [112]
4000 single crystal [114]

4600 single crystal | [91,116.117]
5400 single crystal [122]

For the sample layer thickness of 0.2 gm. the Hall mobility was equal to
1214 ecm?(V.s)~! while for the sample with layer thickness of 0.4 um equal to
2732 pm. The impact of the surface is well observed for the thinnest sample
its electronic properties will be very different than that for the same material
in its bulk. That was already observed in the literature: in the case of thin
layers the near-surface region strongly affects the mobility of electrons as well
as the other electronic characteristics [114.115,116,117.118.120]. Therefore, it
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is not surprising that the samples with layer thickness of 0.2 ym exhibited low
mohility. It verifies again the influence of the near surface region on the mobhility.
From the Hall mobility. the electron mobility may be obtained using Equation
(G.12 (see Appendix G). The value of electron mobility g was estimated at
around 1600 cm?(V.s)™! (sample thickness of 0.2 gm) and for around 3600
em?(V.s)™! (sample thickness of 0.4 gm). The  value of the thickest sample
corresponds well to the literature data of K. Radhakrishnan et al. for the MBE
InP samples, doped by Si (3.5 - 10'% em™) with layer thickness between 1 and
2 pm [119]. In Tabhle 4.11, examples of electron mobilities for different structure
of InP are collected. none of the sample thickness was thinner than 1 pm.

According to what is previously shown and written. it seems to be a necessity
to investigate simultaneously the influence of the surface state distribution and
electron mobility variations on the surface resistance. Therefore, the calcula-
tions of the resistance as a function of these two parameters were performed: in
these simulations. the Ngg(F) distribution with a minimum of Ngg,. that varies
from the value equal to 0. ‘flat band’ case. ta 2 - 10'* eV~Tem™? was used. The
values of electron mobility j« were taken as obtained from our experiment and
literature data. To simplify the calculations in Equation 2.19, the sample di-
mensions are assumed to be equal, however the thickness of the sample changes.

Table 4.12:  Measured resistances R {in k) for different sensor devices
with their uncertainty values.

R for d=0.2 ym

R for d=0.3 um

R for d=0.4 um

54 + 0.6 20+03 1.0 + 0.2
57 + 0.6 1.9+ 0.3 1.1 + 0.2
5.6 + 0.6 20+ 0.3 0.9+02

The results of calculations of the n-InP layer resistance versus layer thickness
d for different electron mobilities and Ngg. as well as experimental data are
summarized in Figure 4.25. It is clear that both theoretical and measured values
of the InP resistance markedly increase versus decreasing layer thickness hecause
of a gradual increase of the near-surface depletion region. Furthermore. from the
comparison of the experimental and calculated resistance values (for different
electron mobilities) it follows that for the thinnest sample with 0.2 pym, the
mobility amounts to about 1600 cm?(V.s)~!, while for thicker samples of d equal
to 0.3 um mobility increases to about 3000 cm?(V.s)™! and for the sample with
d equal to 0.4 pgm to about 3600 cm?(V.s)~!. This result corresponds very well
to experimental values of mobility obtained from the Hall effect measurements.
The observed low mobility value in the thinnest layers (thickness compared to
the depletion layer width) we attribute to the enhanced impact of the surface
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Figure 4.25: Calculated dependencies of n-InP layer resistance versus layer
thickness d for different electron mobilities and Ngg, (solid lines) compared
with experimental data {crosses).

scattering of electrons. On the other hand. the mobility values achieved in the
thicker samples correspond to the values reported by Radhakrishnan et al. [119)].

Moreover. from the theoretical calculations is evident that the ‘flat band’ as-
sumption for modeling of the ITI-V semiconductor surface phenomena is not re-
alistic because the experimental resistance values correspond well to theoretical
ones bbtained for the surface state density minimum equal ta 2 - 10'* eV~ em™2
what is in good agreement with literature data [37]. In addition from Figure 4.25
it can be noted that the thickest sample are not sensitive to a small thickness
change. Therefore, the uncertainty value of the layer thickness (about 20 %) will
not have great influence on electronic properties of these sample. contrary to the
case of the thinnest ones. Thig is the reason why in the further simulationg of
InP electronic properties for thick samples we used the electron mobility value
of 3600 cm?(V.s)~!, because this mobility value is in a good accordance with
the mobility of the layer thickness of 0.4 gm.
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As previously discussed. the surface states density with minimum at about
2-10" eV~ em™2 corresponds to the native oxide-InP layer interface [37].
Therefore. from the results of our analysis we have found that the studied InP
epitaxial surfaces are well characterized by the same density of surface state
as reported in the literature. It is important to note that for this density of
surface states the Fermi level is placed (weakly pinned) at -0.2 eV with respect
ta the bottom of the conduction band (see Figure 4.19). This weak pinning of
E} allows for the surface sensitivity towards adsorbed ionized species in terms
of the negative Qrc: Fr can move along the linear sloped part (depletion) of
the S-like plot in Figure 4.21. On the other hand. we have previously observed
that the oxide layer stabilizes well the sensor characteristics. This means that
such a weakly pinned surface is advantageous for InP sensor structures.

4.5.2 NO; action on electronic properties of InP

In conclusion. the outer layer of InP sensor device is covered by InP-related
oxide film (predominately In;O3 and other oxides) containing carbon contami-
nations that provokes the surface states with their density minimum estimated
to be equal around 2 - 10" eV~' cm~2. From the references [59,72] the transfer
of electrons from InP bulk to InP surface oxides is possible, thus. as NO, is
a molecule of oxidizing gas having one unpaired electron it will react with the
charges from the native oxide and interface region. As the native oxide layer
remains in equilibrium with n-InP, NO, action will result in the enhancement
of the depletion region in the InP bulk. A study of the development of the de-
pletion layer due to gas adsorption was realized using Hall effect measurements.

Figure 4.26.a. shows the changes in the electron concentration of a n-InP
epitaxial layer as a function of NOs concentration. It can be noted that an
increase in gas concentration from 0 to 200 pph causes a decrease in the elec-
tron concentration due to the development of the depletion layer. Therefore,
the active layer thickness as a function of following gas concentration was com-
puted. The results of this calculation are collected in Figure 4.26.b. This Figure
ilustrates the development of the surface depletion layer as a function of gas con-
centration from 0 to 200 ppb. It can be observed that an exposure of 40 pph
already causes visible changes in the electronic parameters of the n-InP layer.
such as modifications of the charge carrier concentration and width of depletion
layer (200 pph caused a 4.7 nm increase in the depletion region width]. It can
be also seen that for concentrations of 100 pph and higher, the changes are very
small.

Since the adsorbed ionized gas species can be represented by the surface fixed
charge, the theoretical analysis of the influence of Qre on the depletion layer
development was carried out. The results of this analysis are shown in Figure
4.27. From this Figure it follows that the changes in the depletion layer due
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Figure 4.26: Hall effects results.
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Figure 4.27: In-depth profiles of charge carrier concentrations
as a function of Qrc/q.

to Qre vary as a function of the value of the negative Q@ pe charge. Under the
assumption that all NO; molecules adsorbed at the n-InP surface are ionized.
they become NO, ™, because they captured an electron from the semiconductor.
Once the equilibrium between gas and semiconductor surface is obtained, NOy~
ions repulse other electrong and the development of the depletion layer (width
W) takes place. Therefore, it may be approved that adsorbed ions of NOy~
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give the similar charging result in the InP near-surface region as the negative
surface fixed charge Qpc. On this basis it was estimated that Qpc/q equal
to -4 - 10'% cm~? provokes the development of the same depletion layer width
(around 5 nm) as 200 pph of NO;. The change in the depletion layer may
reach even to 100 nm due to -1 - 10" ecm™2 of Qrc/q. The calculations of the
depletion layer width were done using the approach described in Section 4.4.2.
In Table 4.13 the depletion region width of samples with N, equal to 2 - 10'°
em™?¥ are calculated for different Qpe /g values.

Table 4.13: Calculated W caused by Ngg. of 10 eV™' em™2 and Qpc/q
for Ny equal to 2 - 10'8 (em™3).

W (um) | Qrc/q (em™?) | [V,] (V)
0.097 0 0.14
0.103 -4 .10 0.15
0.104 -5 . 101 0.16
0.112 -1 - 10" 0.18
0.202 -1- 10" 0.59

4.5.3 Mechanism of NO; action

Once a stable gas sensor response to NQOs is obtained. a tentative model
of the gas action on the n-InP surface can be built basing on the microscopic
and spectroscopic studies as well as Hall effect measurements and theoretical
simulations. Figure 4.28 shows the probable mechanism of the gas action on the
n-InP surface. NO, adsorbs at the native-oxide layer: when adsorbed becomes
negatively charged NO;~ due to a transfer of electrong from the InP bulk to
outer oxide layer. the development of the depletion layer in the InP bulk takes
place. Subsequently. after capturing electrons by the gaseous species equilib-
rium between ionized adsorbed gas molecules and a native oxide layer and a
semiconductor is reached. In consequence. an increase in the InP resistance,
compared to the initial one Hg. is observed.

4.6 Sensor characteristics

From the previous works of the gag sensor group from LASMEA. the gas
sensor devices based on epitaxial n-InP layers exhibit great sensitivity toward
oxidizing gases in the range of ppm [14.15,20,21,22,23,24,25,26,27]. One of the
main aims of thig Thesis was to extend sensing characteristics of these devices
over ultra-low gas concentrations in the pph range. In this section. the results of
experiments realized for NOs concentrations from 20 to 100 pph are presented.
The sensor response was studied in terms of the resistance changes of the active
layer AR: on the other hand gas sensor stabilization was investigated. Moreover,
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Figure 4.28: Schema of the gas action.

the sensor devices were examined from the point of view of their characteristics,
i.e., selectivity, sensitivity. reproducibility, response time. etc. A comparison
of the characteristics of sensor structures with different n-InP layer thicknesses
was carried out so as to optimize the sensor devices.

4.6.1 Sensor response

In order to test AR. different sequences of gas exposures were realized rang-
ing from 20 to 100 ppb. These very low concentrations were obtained using the
mesurement set-up described in Section 3.2. In experiments. the gas concentra-
tion was verified by a NOs analyser. The concentration data and examples of
the gas exposure sequences used are shown in Figures 4.29. 4.30 and 4.31. The
corresponding resistance changes are also presented in these Figures. In all gas
exposure experiments, sensor devices with different layer thicknesses (from 0.2
to 0.4 pm) were used. This experimental configuration allowed us to character-
ize the sensors in terms of their selectivity, sensitivity and the response time as
a function of the gas concentration.

Presented sensor responses were for a working temperature of 80 °C. This
temperature was chosen to improve the response time of the InP sensors. It
should be noted that the temperature value was limited enough not to destroy
the sensor structure. This problem was studied in Section 4.6.5.

Figure 4.29 represents the sensor resistance changes due to step exposures to
different gas concentrations. Each step of gas exposure stoped and started with
exposure to air. Each gas exposure lasted 4 hours, while in Figure 4.30 each gas
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exposures with duration
of 4 hours each, 80 °C
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exposure was only 2 hours. In Figure 4.31, tested sensors were exposed to the
gag in 2 different sequences: in the first one. the sensors were exposed twice to
20 pph of NQs, with an air flushing after each exposure to the gas, before being
exposed to gas concentrations going from 20 pph to 100 pph in steps of 20 ppb.
In the second case. air flushing was omitted. From the presented figures, it is
evident that our gas sensors followed well concentration changes of NQ,, even
for decreasing steps.

From Figures 4.29. 4.30 and 4.31, it is clear that each device was charac-
terized by a quite good sensitivity to very low NQs concentrations of 20 ppb.
The sensitivity of the sensors was also improved for higher concentrations. In
addition, sensors reacted rather fast for small changes in the gas concentration.
which is particulary visible in Figure 4.31. Moreover, they worked at rather low
temperatures for a gas sensor technology of 80 °C.

4.6.2 Response stabilization

As it was mentioned before and from our previous results verified by the
systematic work, it was observed that the InP response towards NQOs evolves
from the first exposure up to the stable and reproducible responge. In Figure
4.32. the gas sensor response evolution to 100 pph of NO, is shown, tested
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devices differing by the active layer thickness ranging from 0.2 to 0.4 ym. The
working temperature is 80 °C. From Figure 4.32. it is observed that for different
sensor structures with different n-InP active layer thicknesses and for the same
working conditions like temperature. sensors behave similary. During the first
hour of the first gas exposure. the phenomenon of fast increase in the sensor
resistance is observed. After. changes in layer resistance are much smaller.
Following this initial phase. sensor exposures cause the initial resistance increase
and the response stabilization is observed. Once the stabilization was obtained.
sensor responses were reproducible (see 5% and 6 exposures in Figure 4.32).

This phenomenon of n-InP sensor response stabilization was never investi-
gated before by means of surface spectroscopy. From the spectroscopic studies
presented in Section 4.3.3. the response stabilization can be understood in terms
of the native oxide layer and interface structure transformation. Thus. the sen-
sor stabilization response in terms of its initial resistance development can be
explained by the stabilization of the surface chemical state and as following the
changes in surface state density.
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Figure 4.33: n-InP sensor response towards gaseous marture of NOy and O,
at 80 “C.
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4.6.3 Selectivity

From our previous results it was assumed that in presence of reducing and
oxidizing gases. the n-InP sensor device is selective to oxidizing ones [26,27]. InP
sensors were already tested in outdoor conditions. The results of these tests. in
terms of the resistance changes due to gaseous mixture versus exposure time.
are presented in Figure 4.33. The gaseous mixture was composed of NQOs and
O3. The gas concentrations were measured by gas analysers and the resistance
by a multimeter. The device was kept at 80 °C. The results show that the
sensor response followed the concentration changes of ozone. which is one of the
strongest oxidizing gases among air pollutants.

4.6.4 Sensitivity

Sensitivity of n-InP epitaxial lay-

ers is characterized by the relative re- 0.09 L —d=02pm
sistance A R/R¢. In Figure 4.34 the iy I

relative resistance change comparison il (/ ll O-ﬂll"\.ﬂ

between the samples with different < 0.03 H‘-\"\\

layer thickness is presented. The re- § ' [ T‘\\E;;;H__ﬁ
sistance changes are due to 100 pph of 0 200 400 600

. o Time (min)
NO,, working temperature wag 80 °C.

From this Figure it can be observed  Figure 4.34: Relative resistances for
that the sample with the thinnest  gqs sensors with different d, for 100
layer thickness are the most sensitive pph of NOs, af 80 °C.

one. In Figure 4.35 relations between

A R/Ry for different active layer thickness and different NOy concentration
ranging from 20 to 100 pph are shown. As from theoretical calculations and
now from Figures 4.34 and 4.35. it is clearly shown that the structure response
to NQs is strongly influenced by the thickness of the active layer. In the range of
thickness from 0.2 to 0.4 gm. the relative resistance is the highest for an active
layer thickness of 0.2 ym.

4.6.5 Response time

The response time is defined in Section 1.3.1. Figure 4.36 shows the calcu-
lated average response times for different series of sensor devices. with different
thickness of the n-InP layer, versus NOsy concentration from 20 to 100 ppb. at
different working temperatures from 80 °C to 100 °C. From this Figure it can be
observed that the response time is strongly influenced by gas concentration be-
ing the highest for the smallest concentration, and by the active layer thickness.
In addition. a small increase in temperature (of 20 °C) ameliorates the response
time. The response time towards 20 pph of NOs for a sensor with active layer
thickness of 0.2 gm is equal to about 60 minutes while for a sensor with active
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layer thickness of 0.3 pm it is less than 30 minutes and for 0.4 gm about 20
minutes. This is probably due to the fact that the influence of the depletion
layer is stronger in the thinner sample which exhibits the highest sensitivity.
but is less stable than thicker devices. In conclusion. the sensors response time

Table 4.14:  Calculated response times as a function of temperature for the
sample layer thickness 0.3 ym .

Temperature (°C) | Response time (min)
20 316
80 6
100 3

is longer under low gas concentration and shorter for thicker devices (higher
working temperatures also ameliorate the response time). Table 4.14 gives the
hest computed response time obtained by a sensor with a 0.3 gm layer thick-
ness at different temperatures under 100 pph of NOs. The table shows clearly
the amelioration of response time with temperature (316 minutes at 20 °C, 3
minutes at 100 °C). This is probably due to the better kinetics of adsorption at
high temperatures.

4.6.6 Reproducibility

Reproducibility of the sample has been studied in terms of the reproducibility
of device relative resistances. In Figure 4.37 the relative resistances of the sensor
devices. for different series, versus NQ, different concentrations are shown. In
thig Figure one can observe that the different series of sensor devices based on the
same n-InP wafer coming from the same manufacturer are rather reproducible.
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The behaviour of the sensor with an active layer thickness of 0.3 gm is not well
explained yet.
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Figure 4.37: Comparison of relative  Figure 4.38: Influence of temperature
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4.6.7 Other parameters

Other important operating parameters, which are considered in gas sensor
technology are temperature and humidity: they can strongly affect the behaviour
of chemical gas sensors. Thus. it is very important to characterize the gas sensor
under influence of the temperature and humidity.

Temperature

Temperature is an important parameter determining the operation of chem-
ical sensors. In the case of the n-InP epitaxial layer devices. the parameter
mostly affected by temperature changes is the response time. as shown in Table
4.14 where the calculated response time for the room temperature up to 100 °C
are summarized. It is evident that an elevation of temperature improves the
response time of the gas sensor. however the working temperature should not
be higher than the critical one for the semiconductor device used (less than
120 °C in case of our sensors).

Humidity

It has been shown in previous work [23,26] that humidity affects the initial
resistance of InP based sensors. From [23] the resistance increases with the
amount of relative humidity. This effect was not studied in the present work.
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all our experiments being performed with a mixture of gag and pure dry air.

In this Chapter the n-InP based sensor devices were presented as well as their
characterization in terms of the sensing. chemical and electronic properties.
The experimental studies showed the great sensitivity of the n-InP epitaxial
layer based gas sensor at extremely low concentrations of NQOs, a rather short
response time (less than 10 min. at 80 °C) and a great stability of Rq. all
of which would support its use in atmospheric gas sensing applications. NOs
action on InP surface causes an augmentation of the resistance of the structure,
which sensitivity depends strongly on the active layer thickness. This can be
explained by an increase of the bulk depletion layer under NO; exposures and
changes in surface potential barrier due to oxidizing gas action.

The Hall effect measurements in terms of electron concentration as a function
of gas concentration proved that the gas sensing effect consists in development
of the depleted layer in the semiconductor bulk. XPS spectroscopy combined
with AES investigations gave evidence of the chemical complicated structure
of the native oxide covering InP surfaces. It was observed that NO; action
causes an increase of the InP native oxides layer thickness from 3 nm to 3.3
nm. The change in surface roughness after gas exposition well shows that gas
action caused also the structural transformation of native oxide and carbon
contamination layer.

The role of the native oxide layer in sensing mechanism and sensor response
stabilization phenomena was explained. Moreover. the influence of native ox-
ides on surface states density and surface Fermi level pinning was shown. The
influence of surface Fermi level pinning on electronic properties of n-InP bhased
sensor as well as on the great stability of n-InP initial resistance was discussed.

From the calculations a strong influence of the interface states (with a typical
minimum value Nggg in the range of 10" eV~! cm™2) on the resistivity and
electronic properties of n-InP epitaxial layers with thicknesses in sub-micrometer
range was proved. This density of surface states caused the depletion layer near
the InP surface with the thickness estimated at about 0.0971 gm. The n-InP
layer resistivity showed also great sensitivity to the surface fixed charge Qpc-
These properties can be effectively used in the modelling and optimization of
microstructured InP-based devices, in particular gas and ion sensors.

The gas sensor characteristics were also studied as well the influence of the
temperature on device performances. Additionally the good quality of the ohmic
contacts using AES microscopy. SEM and AFM images was proved.
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e An extensive and comprehensive analysis of both chemical and electronic
properties of the sensing n-InP epitaxial layers were performed by means of
advanced analytical methods. including surface spectroscopic techniques
(XPS. AES) and Hall effect measurements. Furthermore, the rigorous
computer analysis of the influence of surface states on the electronic pa-
rameters of the near-surface region in a n-InP layer was carried out. The
results of the applied approaches were correlated. A detailed description of
the sensor structure was also presented. as well as the results of the stud-
ies bearing on its sensing properties. in terms of the InP layer sensitivity.
reproducibility and sensitivity to temperature.

e Series of n-InP epitaxial layer devices with a different thickness of ac-
tive layer from 0.2 to 0.4 ym and doping level given by producer of
2 . 10" em™3 were fabricated by the author comprising fabrication of
ohmic contacte and final sensor mounting in the measuring cell. The
adaptation of the Van der Pauw method to the experiments with gas was
realized. The sensing measurement set-up allowing for the low gas con-
centration was constructed. The XPS and AES study as well as rigorous
analysis of the electronic properties were also performed.

e The realized InP based gas sensors were tested for oxidising gas concen-
trations within the range of atmospheric pollutants quantities. The ex-
perimental studies showed that the sensors exhihited a great sensitivity
ta extremely low concentrations of NQOs (20 ppb) and a rather short re-
sponse time (3 min. at 100 °C). Moreover, the devices exhibited the great
stability of Ry in time. probably because of its chemical and electronic
properties (native oxide layer, Fermi level pinning). These characteristics
seem to qualify this type of sensor for outdoor applications in air quality
monitoring.

¢ The role of the InP native oxide layer in sensing mechanism as well as
its influence on electronic properties i.e. band bending and surface Fermi
level was evidently shown. The stable oxide layer provides to the stable



120

Conclusion

sensor structure with very stable initial parameters as resistance. These
oxides cause the surface Fermi level pinning that is known to make the
structure insensitive on gas molecule adsorption, however, in our case the
weak pinning of Fermi level does not make a n-InP surface completely
insensitive, moreover it improves the stability of the n-InP based sensor.

The chemical and electronic status as well as the relative resistance changes
versus (Jpo were used in the elaboration of the existent modelling of gas
sensing mechanism. NQOs reacts with the active sites in the outer ox-
ide layer predominately identified by In;Og oxide. adsorbed at the n-InP
surface. it capture an electron from InP bulk and becomes NQO,~, with
assumption that the transfer of electrons from InP bulk to InP surface
oxides is possible. NO,~ provokes an increase of the depletion layer width
and changes in the surface potential barrier. by repulsion of the other
electrons. This was investigated by Hall effect measurements, and the
relationship hetween the number of charge carriers and the gas concen-
tration showed that the gas effect consists in electron capture from the
semiconductor bulk. The development of depletion layer width was esti-
mated of around 5 nm for 200 ppb. Additionally. it was found that the
Qrc/q of about -4 - 10" ¢cm~2 provokes the same change in the depletion
layer width (around 5 nm) as 200 pph of NQs.

The gas sensor response towards NOs was studied in terms of resistance
changes. Both the obtained experimental results and theoretical analysis
show a strong dependence of the sensitivity of the sensor on the active
layer thickness. Consequently, the sensor was optimized in terms of the
active layer thickness for low doped n-InP epitaxial layers. The selected
thicknesses for the epitaxial layer were 0.2, 0.3 and 0.4 gm, the best sensi-
tivity being observed for a thickness of 0.2 gm. The samples with epitaxial
layer thicknesses of 0.2 and 0.4 ym were then characterized in terms of
its doping level and electron mobility using Van der Pauw method. The
depletion layer width caused by the Ngg, in the range of about 10'* eV ™!
cm~? that is the value of an InP sample covered by native oxides. was also
estimated. The computed depletion layer for a doping level 2 - 1016 em~3
was in the range of 0.1 pum.

A rigorous theoretical analysis of the resistivity of InP layers as a function
of the surface state density Ngg. as well surface fixed charge Qg was con-
ducted. in order to characterize their electronic status. The band bending
was induced by the surface states density Ngg and the surface fixed charge
Qre taking both positive and negative values. Such a charge represents
both physically adsorbed ionic species and the surface doping applied in
order to control the gas sensitivity of the layer. The band bending induced
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by Qrc was observed to change from accumulation to inversion. In the
calculations, a U-shaped continuous surface state distribution in the en-
ergy gap was assumed in accordance with the Disorder Induced Gap State
model. The layer thickness was varied in the sub-micrometer range down
to the approaching the depletion region width. In addition. the in-depth
profiles of the potential barrier and carrier density were computed. The
theoretical analysis confirmed the effect of the surface states and depletion
region width on the sensor resistance. The results of our calculations re-
vealed a strong influence of the interface states (with a typical minimum
value Ngg,. in the range of ahout 102 eV~' cm~2) on the resistance of
n-InP epitaxial layers with thicknesses in sub-micron range, contrary to
standard approaches for semiconductor gas sensors modelling.

¢ The relative resistivity of the sensor was computed as a function of the
surface fixed charge Qpe and its taking positive or negative values. show-
ing a very strong dependency on this parameter. Furthermore, the strong
influence of the initial surface state density on the dynamics of the relative
resistance changes versus g was demonstrated.

e The chemical status of the sensor was investigated by means of the sur-
face spectroscopy. X-ray Photoelectron combined with Auger Electron
Spectroscopy investigations all of which gave evidence of the chemical
complexity of the surface region of InP material. Using Ar™ sputtering
the probable model of n-InP device was possible to estimate. It consists
of a carbon and oxide contamination layer. a continuous layer of InP ox-
ides and non-continuous alternate layers of In and P. The layer of oxide
was predominately estimated to be InyOz. In addition was observed that
NQs action causes changes in InP native oxide layer thickness from 3 nm
to 3.3 nm. This thickness change was estimated using XPS quantitative
analysis based on the AES results. The change in surface roughness after
gag exposure as well as XPS technique showed that gas action caused the
structural transformation of the surface region. which can he explained
by changes in the native oxide and contamination layers. This structural
transformation of native oxide and carbon contamination layer may ex-
plain the sensor response stabilization.

e In addition. the weak dependence of the relative resistance and depletion
region on temperature in the studied range was observed experimentally
and checked by theoretical calculation.

e The good quality of the realized ohmic contacts to InP layers was demon-
strated by studying of their contact resistance. that was found to be equal
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ahout 270.6 Ohm. In addition, surface spectroscopic and microscopic stud-
ies of contact were performed. As a result of these studies. practically no
contamination of the chemical composition of the contact was observed.
The contact is characterized by a quite good homogeneity, which can be
improved by annealing the sample after the contact realization.

In conclusion, within the Thesis the extended experimental and theoretical
characterization of chemical and electronic properties of free InP epitaxial lay-
ers was performed. The measurements of the resistance variations demonstrated
that the InP hased sensors are extremely sensitive to oxidizing gas molecule ad-
sorption and can be used for monitoring harmful gas concentration in the pph
range. Furthermore, the electronic quantities and processes taking part at the
native oxide-InP interface exposed to oxidizing gas were described in detail.
The consistency of both experimental and theoretical results was found. The
obtained results allow for both better understanding of the gas action mech-
anism as well provide important information for thin layer semiconductor gas
sensor technology. particularly in context of growing interest in low-dimensional
integrated sensor systems based on ITI-V gemiconductors.

The first step in the characterization and optimization of the gas sensors on
the base of n-InP epitaxial layers was realized. Moreover. we understand better
the action of gas on the n-InP surface. However. future studies in terms of
chemical composition of the contamination layer as well as its influence on the
electronic properties are needed. Also, the gas desorption process has not been
explained yet. Therefore the in-situ and ex-situ analysis under the controlled gas
flow may well elaborate our knowledge, At the end I propose to use the sample
with modified near-surface region by Qg with positive sign. that will create the
accumulation layer in our sensor. it can be interested step in technology process.
The other interesting thing in InP sensor technology would be creation of the
porous InP sample. that may increase the surface sensitivity of the sensors.
As for outdoor tests. I propose the systematic study on construction of the
micro-system that will be insensitive towards presence of ozone,
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Appendix A

3

Conversion of ug.m™* in ppb

The standard unit of pollutant concentration is pg.m~3, however most com-
mercial analysers express the gas concentration in ppm or ppb. The unit ppm
means a part of the pollutant per million (10%) parts of solvent-air and pph a
part per billion (10%). This appendix deals with a conversion between these twa
usual units.

The concentration in pg.m> Clg.m-a Tepresents the relation between the
mass of the pollutant m,uiene and the air volume V,;,:

Mpoltutant
_ lpgily
C"lpgwfn—:1 - V. (Al)
air

and the concentration in pph (), represents the relation between the pollutant
volume V, iu10ne and the air volume V,;,.:

Vi offutan
Cops = 2,5 (A.2)

The Equation for a perfect gas is:

n-R.-T
Ve ——
P

(A.3)
where:

¢ P is the gas pressure in Pa:
e V is the volume of the gas expressed in m3:

e R is the gas constant equal to 8.314472 J.mol~';

e T is the temperature in K:
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e n is the number of moles defined by:
n=— (A.4)

where:

— m is the mass of gas expressed in ug.

— M is the molar mass expressed in pg.mol™".

From Equations A.1, A.2 and A.3. the C,,; concentration as a function of
Clg.m-a can be obtained and is given by the following expression:
C = Cugm 3 R-T
PP

Ab
ﬂ':‘rpolﬁumm - P ( ]

where M otutane is the molar mass of the pollutant in pg.amol ",
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Electron and Hole Statistics in
Semiconductors

According to quantum mechanics, the energy states which are occupied by
electrons are discrete with energy broadening hetween them according to the
Heisenberg principle. These states can create a quasi-continuous band when the
distance between them is mch smaller than the random thermal motion energy
[66,57,60].

The analysis of electron and hole statistics in a semiconductor introduces
two concepts:

1. the energy state density in energy bands.

2. the probability distribution function.

The energy state density in energy bands N(FE) determines the quantity of
surface states per unit energy and per unit volume. The probability distribution
function fy defines the probability of a state occupation with a certain energy
E by the charged particles. In the semiconductor bulk. under thermal equilib-
rium, electrons occupy energy states according to the Fermi-Dirac statistics. In
the case of states occupied by electrons with opposite spins. the Fermi-Dirac
distribution function is expressed by the following equation:

fo(E) = [exp (E_E“') + 1: B (B.1)

kT
where:
e E; is the Fermi level energy:
e [ ig the Boltzmann's constant:

e T is the absolute temperature.
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The distribution function of holes f; is equal to:

fu(E) =1— fo(E) (B.2)

When impurities states. traps and other additional energy states caused for

example by a gas action are taken into account, the Fermi-Dirac distribution
function must be modified as follows:

fimpc(E) = !

: exp(E;TE,F] +1

(B.3)

1
3

where 3 is the so-called factor of degeneracy (3 = 2 for a donor impurity, 3 = %
for an acceptor impurity).

According to the theory of quasi-free electron. the density of energy states
in the conduction band near its hottom Ep. is expressed by following function
of the square root of the energy:

(2 : mn)% )
h3

and near the top of the valence band Ey-:

N(E)=4-7- E — E¢ (B.4)

(2-m,)* _
N(E]:él-ﬁ-Tp-\/Ev—E (B.5)
where:
s m, and m, are the effective masses of an electron and a hole. respectively:

s h is the Planck’s constant.

At the equilibrium, the electron concentration ng and the hole concentration
Pq are:

Et e —0c

no= | Jo(E)-N(E)dE ~ f fo(E) - N(E) dE (B.6)
E¢: Ee
Ey Ey

Pa = fw(E)-N(E)dE ~ | fo(E)-N(E) dE (B.7)
J J

Trdre

where Eq
valence hand.

is the top of the conduction band and Ey,, is the bottom of the

Ee

BT T

and Ey, . can be replaced by plus infinity for E, _ and minus in the
case of Ey, .. because of a quick decreasing of the fy function when £ > Ey
and a quick decreasing of the f, function when Eyn >» F.
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Integrals can be simplified for a non-degenerated semiconductor:
e Fy < Ec — k- T for the n-type semiconductor:
e i > Eyv + k- T for the p-type semiconductor.

Thus. in the n-type non-degenerated semiconductor case. the Fermi-Dirac
distribution can be approximated by the Boltzmann distribution function:

1 (E},-—E
~ exp(———
exp(%]—}—l P

folE) = ) (B.8)

From Equations B.6. B.7 and B.8. electron and hole concentrations can be
analytically approximated by the following expressions:

Ee — By
ng = Ne - exp(—ﬁ] (B3.9)
EV - E}«
D — Nus - B.10
po= Ny -exp( 2P (B.10)

where:
e N is the so-called effective density of states in the conduction band;

¢ Ny is the so-called effective density of states in the valence one.

N¢ and Ny are expressed by the following relationships:

(2-7-my - k-T2

JMCZQ- hS

(B.11)

ha e

(2-m-mp-k-T)
k3

Ny =2 (B.12)
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Appendix C

Hall effect functions
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Figure C.1: Graphical representation of the function used in the Hall resistivity
determination.
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Appendix D

The configuration of Hall effect
measurements

To obtain the sample resistivity. mobility and charge carrier density from the
Van der Pauw method. measurements are done in two configurations: without
and with magnetic field.

D.1 Configuration without magnetic field
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Figure D.1: Schemas of Hall effect measurements without magnetic field.
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Thig configuration allows for measurements of the sample resistivity. Firstly.
the Hall voltages are obtained:

Vijg = Va — Vel - (D.1)

Vo= Va— Vil - (D.2)

Using these voltages the resistances Ripp 4oy and Ricp ap: are calculated.

D.2 Configuration with magnetic field

b il
! ! 4 .
of laol e
C D > C D
e P $ ®
(aj For a positive magnetic field.
i ]
! E‘Z l E‘B
A A
® ®F e
C D C D
$ ¥ $ Pt

(b} For a negative magnetic field.

Figure D.2: Schemas of Hall effect measurements with magnetic field.

In this case, once the Hall resistivity obtained, Hall voltages measurements
are performed with magnetic field. This is done to obtain the Hall constant
and from its value the Hall mobility and charge carrier concentration are de-
rived. Schemas of measurements of Hall voltages between contacts B and C
with magnetic field oriented in two opposite directions are shown in Figure D.2.



Appendix E

Temperature regulation system

Figure E.1: Electronic schema of temperature regulation system.

Figure E.1 depicts the configuration of a Wheatstone bridge as the tempera-
ture control system. Branches of the Wheatstone bridge are constituted by the
resistance of the substrate Rg. resistances B; and R; and also by the resistance
of potentiometer Rp which it is possible to change using a handle.

When the Wheatstone bridge is in equilibrium. the relation between resis-
tances is:

Ry-Rp=Ry-Rs (E.1)
The resistance of the potentiometer is equal to:

where n is the number of tours of the indicator and R is the variation of the
resistance corresponding to one tour of the handle indicator. For the maximum
number of tours. it is equal to 10 k2:

Timaz - B = 10 (E.3)
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The relation between n and resistances in the Wheatstone bridge is:
n=Rs-Ry R{'-R™' (E.4)
While Rg as a function of temperature 7" is given by the following formula:
Rs(T)=Ry-(1+a-Ts) (E.5)
where:

e T¢ is the substrate temperature in °C,

e o is the constant coeflicient of heater. determined experimentally by mea-
suring Rg at two extreme temperatures,

e Ry is the resistance of the substrate determined by measuring Rg at 0 °C.

Thus. the number of tours of the indicator as a function of temperature is
given by Equation:

n=Ry-(1+a-Ts)-Ry-Ry'"-R™' (E.6)

While replacing Ry by the Equation E.5, the relation between the desired
substrate temperature and the tour number is obtained by:

n=Rs -(1+a-Ts)-(1+aTy) ' -Ry-R{"-R™’ (E.7)
where:
s Rg. is the resistance of the substrate at ambient temperature:

e T} is the ambient temperature.



Appendix F

Uncertainties of electrical
measurements

For the measurements of the resistance and its changes due to gas action,
the multimeter Keithley 2700 was used. The measurement mode is DC and the
resistance range is 10 k! with a resolution of 10 mf). Thus, the accuracy of
resistance measurements for 1 year is:

AR = +(0.01% - rdg + 0.0006% - range) (F.1)

For Hall effect measurements. estimated uncertainties on p, g and n mag-
nitude are computed using total differentials. The total differential of p is as
following:

dp

ORpp Ac

dp

— | - AR v (F.2
ORopAn (cp,ap (F.2)

dp
Ip=|==| - Ad
= [a] e

-AR(pp ac: + ‘

where Ad is equal to = 20 % and the accuracy of measured resistances Rigp ac»
is:

OR(pp ac:
IVy

OR(pp ac
g

ORpp .ac:

Vs -Alpp

(F.3)

-AVA—F‘

AR(BD,AC] = ‘ - AVp + ‘

where AV, and AVp are measured by a Microvolt DMM Keithley Model 177
with a range of 200 mV. Itg accuracy is equal to:

AV = £(0.04% - rdg + 1 - count) (F.4)

The current is measured by a Keithley 197 multimeter with a range of 200 A
and a resolution of 1 nA. Its accuracy is:

Al = £(0.1% - rdg + 15 - counts) (F.5)
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Similarly. is derived for for Riep ap:-
Uncertainties on i and for n are calculated as follows:

O O
— | == bt ) F.6
= | ARHJr‘ap Ap (F.6)
dn = on AR (F.7)
ORy i '

In addition. the uncertainties on ARy is equal to:

ORpy
ORap B

ORg
od

ORy

dRy = ‘ -AB (F.8)

-ARap.Bc: + ‘

Ad+ |

where AB is equal to + 10 % and AR up pc is estimated analogically to
Rgp.acy and Rcp ap; the magnetic field is measured by a Hall probe that
is in our case a Model 810 Field Monitor Bell inc.



Appendix G

Principle of Hall effect

measurements
)ﬁ B I i Uy)
x* Y _ownn¥ s .
a v+ d

Figure G.1: Principle of Hall effect measurements [81].

In Hall effect measurements, the considered sample is a homogeneous (e.g.,
n-doped) semiconductor. In Figure G.1, the semiconductor sample with dimen-
sions (L.l.d) is represented. The current [ in the discussed example flows in

_}
the y-direction. In the presence of a magnetic field B along z-axis. electrons
experience a force driving them towards the side a. This force is the Lorentz
force defined hy:

F=—¢- (v x B) (G.1)

_}

where g is the charge. v and B are the velocity of the electrons and the magnetic
field respectively.

Thig net charge displacement results in the side & becoming positively charged

_}
and the side a negatively charged. This creates an electric field E,, which exerts
— —

a force F’ (equal and opposite to the Lorentz force) on the electrons. F” is given

by:

F'= —q E, (G.2)
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Principle of Hall effect measurements

At equilibrium. we have:

— -
F' + =0 (G.3)
thus:
—+ s b —
—q B, —¢- (v X B) =0 (G.4)

—

C - g
Taking into account the sense of vectors E;, v and B:

Ez_(z?-B’) —0 (G.5)
the current density going cross the sample is:
1 z

1 — — = - - G —— T - « G.G

T Ty T T (G.6)

where n is the density of electrons (charge carrier concentration in the case of
a n-type semiconductor).

From equations G.5 and G.6. we obtain:

j- B -1 I-B
E.,.=v-B=-— = : G.7
! n-q n-qg I-d (G.7)
where % is the Hall constant and noted Ry.
To determine Ry, the Hall voltage Uy is measured:
J-B
Uy = Ry - 0 (G.8)

Once Ry has been determined. one can estimate the charge carrier concen-
tration n and the Hall mobility gy for the sample characterised by the contin-
uous p:

1
n = G.9
q- |Ru| (G-9)

1 1
t = — — |Ry] (G.10)

n-q-p p

with:

Ug L d
_YH " G.11
pP=T 7 (G.11)

From gy, the mobility of electrons g« can be obtained by using the following
equation:

=Tyt (G.12)

where 7y is the Hall coeflicient.
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Résumeé

Cette thése est consacrée a I'étude de la physico-chimie des structures électroniques et
microélectroniques a base de phosphure dindium (InP). Le contexte scientifique de cette étude est tout
d’ abord abordé dans une description de la pollution atmosphérique ainsi que de sa métrologie. Les propriétés
physico-chimiques et électroniques de InP sont particuliérement détaillées. Les structures des capteurs de gaz
en cours de développement pour cette application sont ensuite répertoriées. Les méthodes de caractérisation
chimique (spectroscopie de surface de type XPS et Auger, microscopie a force atomique AFM) et
électronique (Van der Pauw) ainsi que I’ analyse théorique des propriétés électroniques des couches minces
sont également présentées. Enfin, des mesures en laboratoire a température et concentration variables de NO,
proches de celles rencontrées dans une atmosphére urbaine sont présentées. Les résultats obtenus suite a
I"analyse théorique et aux différentes expériences ont montré le réle prédominant des oxydes natifs présents a
la surface de InP sur les réponses des capteurs. Ces derniers interviennent également sur la stabilité de la
réponse aux gaz, tout comme leurs propriétés physico-chimiques.

Les résultats des caractérisations électroniques et chimiques corroborent les résultats des essais des
capteurs et permettent une modélisation de I action du gaz sur InP.

Mots clefs: InP, épitaxie par jets moléculaire (MBE), modélisation de la physique et chimique des structures
électroniques et microélectroniques a base d’ InP, spectroscopie de surface de type XPS et Auger, matériaux
semi-conducteurs, caractérisation éectronique des couches minces (méthode Van der Pauw, mobilité des
électrons, nombre de porteurs), états de surface, structures de capteur de gaz, calcul numérique.

Abstract

The aim of this Thesis was a redlization and a characterization of a novel nitrogen dioxide (NO,)
sensor on the base of n-type indium phosphide (InP) epitaxial layers. First, a short survey through the air
pollutants as well as their detection and monitoring methods is presented. After, the physical and chemical
properties of InP (taken from literature) are detailed. In the experimental part, the description as well asthe
fabrication method of the gas sensor devices with different n-InP layer thickness (from 0.2 to 0.4 um) are
shown. The results of the tests under NO, (less than 50 ppb) as well as the results of the tests at different
temperatures for different sensor series are aso given. The methods and results of chemical
characterization, like X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES)
combined with ion sputtering and Atomic Force Microscopy (AFM) are presented and applied in order to
get the in-depth composition profile of InP native oxides; before and after gas action. The obtained results
by Van der Pauw method are also presented i.e., the charge carrier concentration before and after action of
NO,. Finaly, theoretical analysis of the influence of surface states and temperature on the electronic
parameters of the InP near-surface region was also performed.

Both experimental data and theoretical analysis showed the influence of InP native oxide layer on
the sensing mechanism and surface phenomena (surface Fermi level pinning, sensor stability, etc.) of InP.
The results of the theoretical and experimental analysis are coherent and allow to develop a model of the
gas action on the n-InP epitaxial layers.

Keywords. NO, gas sensor, InP epitaxia layers, 111-V semiconductor, surface states, theoretical
calculations, X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), electron
mobility, charge carrier concentration, Hall effect, Van der Pauw method.
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