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Abstract

The aim of the doctoral thesis was to determine the basic surface properties of selected
zinc oxide ZnO nanostructures in terms of their potential application in microelectronics.

The studied objects were low dimensional: two dimensional ZnO nanostructures in the
form of nanolayers deposited on a silicon (Si) substrate by Direct Current Magnetron Sputter-
ing (DCMS), and one dimensional ZnO nanostructures in the form of nanowires, fabricated
on a silicon (Si) substrate by Physical Vapour Deposition (PVD).

The goal of the experiments was to characterize the surface properties of the above-
mentioned ZnO nanostructures in view of their application in microelectronics, especially for
the protection of the environment, health and even human life, with nanostructured ZnO thin
films verified as an active material in photocatalytic water purification; ZnO nanowires were
used as a sensor material in a toxic gas sensor based on the surface photovoltage effect (SPV).

Series of different studies using complementary research methods in a proper order
were carried out. Owing to the usage of Atomic Force Microscope (AFM) and Scanning Elec-
tron Microscope (SEM), it was possible to obtain the key information on the surface mor-
phology of the objects under study, including the structure of the samples, grain size, and the
changes occurring on their surface before and after subsequent application experiments.
By means of the X-ray Photoelectron Spectroscopy (XPS) the key information could be ob-
tained about the surface chemical properties of the studied objects, including their surface
non-stoichiometry, and the type of chemical bonds, as well as the presence of surface impuri-
ties, mainly carbon (C), resulting from the uncontrolled contact of the used selected ZnO
nanostructures with impurities present in the atmosphere or water. Moreover, in case of ZnO
nanowires, the behaviour of C impurities could be determined, including, in particular,
the possibility of their removal by thermal desorption in very high vacuum by using a combi-
nation of Thermal Desorption Spectroscopy (TDS) combined with XPS studies.

The purpose of the work was to identify the possible applications of DCMS nanostruc-
tured ZnO thin films as photocatalytic material for water purification (using methylene blue)
and ZnO nanowires as the sensing material for toxic gas sensors, based on the effect of sur-
face photovoltage (SPV) for the detection of the dangerous toxic gas nitrogen dioxide NO..

The information resulting from the doctoral thesis is crucial, as on the one hand
the basic surface properties of the selected ZnO nanostructures were obtained, which is of
great cognitive importance, and on the other hand, the application opportunities of the objects
in microelectronics were confirmed, including the potential application in water treatment for
the photocatalytic process (nanostructured ZnO thin films) and for toxic gas detection (ZnO
nanowires).



Streszczenie

Przedmiotem pracy doktorskiej bylo okreslenie podstawowych wiasciwosci po-
wierzchniowych wybranych nanostruktur tlenku cynku (ZnO) w aspekcie ich potencjalnego
zastosowania w mikroelektronice.

Obiektem badan byty niskowymiarowe: dwuwymiarowe nanostruktury ZnO w formie
nanowarstw osadzonych na podtozu krzemowym (Si) metoda statoprgdowego reaktywnego
rozpylania jonowego (DCMS) oraz jednowymiarowe nanostruktury ZnO w formie nanodru-
tow wytworzonych na podtozu krzemowym (Si) metoda fizycznego osadzania z fazy pary
(VPD).

Podstawowym celem przeprowadzonych badan byta charakteryzacja wtasciwosci po-
wierzchniowych w/w nanostruktur tlenku cynku (ZnO) w aspekcie ich potencjalnego zasto-
sowania w mikroelektronice, w tym zwtaszcza w aspekcie ochrony $rodowiska naturalnego,
zdrowia, a nawet zycia ludzkiego, przy czym nanowarstwy ZnO sprawdzono jako materiat
czynny w procesie fotokatalitycznego oczyszczania wod, natomiast nanodruty ZnO wykorzy-
stano jako material sensorowy w czujniku gazow toksycznych na bazie efektu fotonapiecia
powierzchniowego (SPV).

Do realizacji zamierzonego celu wykonano szereg badan doswiadczalnych wtasciwo-
$ci powierzchniowych w/w nanostruktur tlenku cynku (ZnO), z wykorzystaniem komplemen-
tarnych metod badawczych w scisle okreslonej sekwencji kolejnosci. Przez wykorzystanie
metod Mikroskopii Sit Atomowych (AFM) oraz Skaningowej Mikroskopii Elektronowej
(SEM) udato si¢ uzyska¢ kluczowe informacje dotyczace powierzchniowej morfologii bada-
nych obiektow, w tym struktury probek, wielkosci ziaren, zmian wystepujacych na ich
powierzchni przed i po kolejnych eksperymentach aplikacyjnych. Z kolei metoda Rentgenow-
skiej Spektroskopii Fotoelektronowej (XPS) udato si¢ uzyska¢ kluczowe informacje o po-
wierzchniowych wilasciwosciach chemicznych badanych obiektéw, w tym o ich powierzch-
niowej niestechiometrii, oraz rodzaju wigzan chemicznych, a takze obecno$ci zanieczyszczen
powierzchniowych gtéwnie weglowych (C), bedacych wynikiem niekontrolowanego kontaktu
wykorzystywanych wybranych nanostruktur ZnO z zanieczyszczeniami obecnymi w atmosfe-
rze lub w wodzie. Ponadto, w przypadku nanodrutow ZnO, udato okresli¢ zachowanie si¢
powierzchniowych zanieczyszczen weglowych, W tym zwlaszcza mozliwo$¢ ich usunigcia
w procesie desorpcji termicznej w bardzo wysokiej prozni, przez zastosowanie kombinacji
metody Spektroskopii Desorpcji Termicznej (TDS), w potaczeniu z badaniami metodg XPS.

Zgodnie z celem i przedmiotem pracy, sprawdzono mozliwosci wykorzystania nano-
warstw DCMS ZnO jako materiatu fotokatalitycznego do rozktadu zanieczyszczen (wodnego
roztworu biekitu metylenowego) w wodzie w procesie jej uzdatniania, a nanodrutdow ZnO
jako materialu sensorowego w czujniku gazow toksycznych na bazie efektu fotonapigcia
powierzchniowego (SPV) do detekcji groznego gazu toksycznego - dwutlenku azotu NO,.

Uzyskane w ramach realizacji pracy doktorskiej informacje sa kluczowe, gdyz z jed-
nej strony udato si¢ okresli¢ podstawowe wiasciwosci powierzchniowe wybranych nanostruk-
tur tlenku cynku (ZnO), co ma znaczenie poznawcze, a z drugiej — udato si¢ potwierdzi¢ moz-
liwosci aplikacyjne tych obiektow w mikroelektronice, w tym ich potencjalne zastosowanie
do uzdatniania wody w procesie fotokatalitycznym (nanowarstwy ZnQO) oraz do detekcji
gazow toksycznych (nanodruty ZnO).
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Chapter 1.
Motivation and scope

In the last decades there has been a general tendency to look for the potential applica-
tions of electronics materials in the solid state electronics in order to develop a novel genera-
tion of the specific micro- and nano- electronic devices. It makes it possible to decrease
the size of the devices into nanoscale level while maintaining or even improving their proper-
ties and functionality [1].

A great and increasing interest, mainly in the last years, is focused on the transparent
conductive oxides (TCO) because of their outstanding simultaneous optical and electronic
properties, with respect to the commonly used elemental semiconductors of group 1V (like Si
and Ge), and compound semiconductors of group I11-V (like GaAs and related compounds),
as well as of group 1I-VI (like CdS and related compounds). TCO can be fabricated as
n- and p-type conductors. Both their transparency and conductivity can be adjusted. There-
fore, it opens up a wide range of energy-efficient optoelectronic circuits, and they have found
wide applications in optoelectronic devices such as solar cells, displays, touch screens, inter-
faces and optoelectronic circuits, to name just a few [2].

Zinc oxide ZnO is one of the most popular semiconducting transparent conductive
oxides. Being non-toxic and having a high chemical stability combined with the above-
mentioned high transparency in over visible and near infrared region, and high electric con-
ductivity compatible with standard electronics, it has attracted great interest because of its
wide potential application in scientific or industrials areas. Among others, ZnO is used in
photovoltaics, optoelectronics and environmental engineering [3,4].

In general, the above-mentioned basic specific properties of ZnO are strongly related

to its dimensionality, which is absolutely crucial. This is because it determines compounds’

purity and stoichiometry, forms of atomic structure and surface morphology, and related elec-
tronic as well as optical properties, which determine their potential application, especially
with a view to the common modern tendency to downscale the electronic devices [5].

The main thesis of this work is that the selected low dimensional ZnO nanostructures
having the controlled and precisely defined surface properties, mainly including surface
chemistry and surface morphology, can have a wide potential practical application in microe-

lectronics and environmental engineering.

.



The survey of literature (state-of-the art) on ZnO as the electronic material, with special
emphasis on the low dimensional ZnO nanostructures, their basic properties, technology of
their preparation, and finally their potential application is described in Chapter 2.

In Chapter 3 the aim and scope of own studies is described within this thesis.

Chapter 4 contains the description of fundamentals, apparatus and abilities of the selected
analytical methods used in this work for the characterization of surface properties of low
dimensional ZnO nanostructures.

In Chapter 5 the details of technological procedures for the preparation of selected low
dimensional ZnO nanostructures are described, together with the procedures for the character-
ization of their surface properties applied in these studies.

In Chapter 6 the results of own studies of the surface properties of the nanostructured ZnO
thin films and ZnO nanowires are described and discussed, with special emphasis on their
atomic structure and surface morphology, as well as the surface chemistry including contami-
nations and surface bondings, combined with the residual gas interactions at their surfaces.
Chapter 7 contains the description of the results of own studies on the potential application of
the nanostructured ZnO thin films in photocatalysis and water purification.

Chapter 8 contains the description of the results of own studies on the potential application of
the ZnO nanowires as electrode material in SPV gas sensor device for NO, detection.

In Chapter 9 a short summary and conclusions of the author’s own studies and the obtained
results are proposed, together with final remarks.

The main part of experimental results obtained within the author’s own studies have already
been published in the set of 4 original papers in JCR journals as listed below:

¢ Monika Kwoka, Barbara Lyson-Sypien, Anna Kulis, Monika Maslyk, Michal Adam Borysiewicz,
Eliana Kaminska and Jacek Szuber Surface Properties of Nanostructured, Porous ZnO Thin
Films Prepared by Direct Current Reactive Magnetron Sputtering. Materials, 2018 11(1) 131;
doi: 10.3390/ma11010131, IF: 3.601

e Monika Kwoka, Anna Kulis-Kapuscinska, Dario Zappa, Elisabetta Comini and Jacek Szuber
Novel insight on the local surface properties of ZnO nanowires, Nanotechnology. 2020 31(46)
465705; doi: 10.1088/1361-6528/ab8dec, IF: 3.874

¢ Anna Kulis-Kapuscinska, Monika Kwoka, Michal Adam Borysiewicz, Tomasz Wojciechowski,
Nadia Licciardello, Massimo Sgarzi and Gianaurelio Cuniberti Photocatalytic degradation of
methylene blue at nanostructured ZnO thin films, Nanotechnology, 2023 34(15) 155702;
doi: 10.1088/1361-6528/aca910, IF: 3.874

¢ Anna Kulis-Kapuscinska, Monika Kwoka, Jacek Szuber, Elisabetta Comini and Dario Zappa
SPV gas sensing studies of ZnO nanowires in NO, atmosphere (during submission).

and noted in Arabic digits cited in Bibliography within the Thesis as [40],[21],[41], respec-
tively, whereas the last paper is cited as [72].
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Chapter 2.
Zn0O low dimensional nanostructures

2.1. ZnO as the electronic material

Zinc oxide (ZnO) was already known probably by ancient people, mainly as an oint-
ment for the wound treatment or as paint. Furthermore, ZnO was used for example as ore to
make brass, as a pigment or in the rubber, ceramic, drug industries, etc. [6]. As a semiconduc-
tor it was researched by scientists at the beginning of the 20" century. However, in the last
twenty years a revival and rapid expansion of research on zinc oxide has been noticeable,
taking into account its unique properties.

ZnO is one of the most important zinc compounds and belongs to the transparent con-
ductive oxides (TCO) of a popular group of electronic materials.

In nature it exists in the form of rare mineral zincite which usually contains an amount of
other elements like Mn and other impurities, which changes the color to yellow, brown or red
[7].

It is possible to get three different crystalline structures of ZnO (as shown in Fig. 2.1.)
like cubic zinc blende by epitaxial growth on substrate with cubic lattice structure, rocksalt by
acting under high pressure (about 10GPa) or hexagonal wurtzite, which is the most frequently
used structure due to its stability in ambient conditions. None of the aforementioned forms is

characterized by inversion symmetry.

@ zinc

(a) (b) (©)

Fig. 2.1. Atomic structures of ZnQ: (a) cubic rock salt, (b) cubic zinc blende [8] and (c) hexagonal
wurtzite, where gray represents Zn and black O atoms, respectively.

a ® Oxygen



The ZnO unit cell has a spatial group C4 6v (Schoenflies) or in a different notation
P63mc (Hermann-Mauguin), where each anion is surrounded by four cations and vice versa,
each cation is surrounded by four anions, placed in the corners of tetrahedral bonding config-
uration. In the ideal structure the ratio of two lattice parameters a and c is equal to 1.633,
where the values a and ¢ are approximately equal, respectively, to ~3.2495 A and ~5.2062 A.
However, in the real occurrence, the structure deviates from that form and the ratio c/a has
a smaller value [6,9]. The wurzite nanostructure can achieve different growth morphology
like nanotubes, nanowires, nanobelts, nanoflowers, etc.

ZnO is a chemical compound of atoms of 11 and VI group. Most of them have covalent
character with sp* bonding, but there are also largely ionic bondings — the electrostatic attrac-
tion between Zn** and O*, which increases the band gap and results in piezoelectric proper-
ties. As a result, an electrical charge appears on the crystallographic surface.

As mentioned before, zinc oxide is characterized by a wide band gap, which depends
mainly on the carrier concentration — in case of 1018-1020 cm™, it is equal to around 3.37 eV.
Three states (A, B, C) can be distinguished in the upper part of the valence band, obtained
at the same r point, where k=0, created by spin-orbit and crystal-field splitting. These levels
define the interval between the so-called valence band maxima and the lowest conduction
band minima [10], as shown in Fig. 2.2.
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Fig. 2.2. Schematic diagram of the direct band gap in ZnO.

Zn0O, by analogy to the most available TCOs, is an n-type semiconductor, because of
conductivity by electrons, which has an influence on its electrical properties. Meanwhile, dop-
ing efficient p-type ZnO remains difficult and continues to be a challenge. The mobility of



electrons is high and varies with the temperature, i.e. the highest value equal to around 2000
cm?/V-s is achieved at ~193.15 °C [11].

The main unique properties of ZnO are listed below:

e direct wide band gap semiconductor - 3.37 eV,

e large binding energy (60meV),

e transparency in visible wavelength range,

¢ n-type conductivity related to O vacancies and Zn interstitial position — SCL,
e high electron mobility: 10° [cm?/V-s] - a similar level as for SnO,

e high electron conductivity ~ 10° [S/m],

¢ high optical transmission (IR-VIS) - 80 + 90 % (depending on the forms),
¢ photocatalytic properties,

e large piezoelectric constants,

relative stability in biological and chemical conditions,

high chemical and thermal activity,

strong oxidation capability,

amphoteric oxide,

e thermochromic,

¢ low thermal expansion,

e low toxicity.

Because of the above listed unique properties, ZnO has attracted attention not only in
basic science but also in the wide applications, including, among others, in optoelectronic

devices, solar cells, flat-panel displays, gas sensors, especially toxic ones, photocatalysis, etc.

2.2. Low dimensional ZnO nanostructures — classification and basic properties

In general, all the ZnO nanostructures are mainly characterized by their extremely
small sizes. Their classification is based on the number of dimensions which are in the
nanoscale range of 1 + 100 nm.

According to Richard W. Siegel [12], the following general types (forms) of
nanostructures can be distinguished:

e zero-dimensional (0-D), e.g. particles, clusters,
e one-dimensional (1-D), e.g. nanowires, nanotubes, nanobelts, nanorods,
e two-dimensional (2-D), e.g. nanolayers, nanoplates, nanofilms,

e three-dimensional (3-D), e.g. nanoflowers,

which have respectively none, one, two or three diameters greater than 100 nm.



Fig. 2.3. below shows different possible types of material nanostructures with respect to
the dimension and possible ways of obtaining, which are discussed in detail in subchapter 2.3.
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Fig. 2.3. Various types (forms) of material nanostructures [13].

In the last years, many innovative nanomaterials have been obtained. They often have
unique properties like optical, photovoltaic, electrical, magnetic, catalytic properties, which
makes it possible to use them in many fields of science, due to their small sizes, thickness,
large surface-to-volume ratio, different shapes or morphology. In gas sensors with sensing
parts built from nanomaterials, better sensitivity, stability or selectivity could be achieved.

Among these nanostructures, as shown in Fig. 2.4., ZnO is one of the most promising
materials, due to the unique properties listed in Chapter 2.1. The additional beneficial effects

of ZnO depend on the way of synthesis, shape, size, surface morphology or doping.
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MOST COMMON 3D-2D ZnO NANOSTRUCTURES

Nanoflowers NFs Hierarchical NFs Hollow hemispheres

MOST COMMON 1D ZnO NANOSTRUCTURES

Nanowires Nanosheets Nanorods Nanotubes

200 nm 2
-

Fig. 2.4. Most common ZnO low dimensional nanostructures.

2.3. Technology of low dimensional ZnO nanostructures

ZnO is currently in the limelight, as it is widely used in many fields of science
and technology, as well as in everyday life. Different technologies could be distinguished for
obtaining nanostructures including thin films with controlled properties. Together with the
reduction of size to nanoscale and many possible forms of structure, they make it possible to
achieve, for example, the electrical or optoelectronic character, important in the production of
sensing parts of gas sensors, transparent electrodes in photovoltaic cells, photodiodes, transis-
tors, etc.

Taking into account the way in which the nanostructures (NSs) are produced, various
categorizations of methods can be used. One of them, as shown in Fig. 2.5., is for example the
division into:

e bottom-up — where nanostructures are prepared from single atoms or molecules, to
grow crystal planes and structures. The controlled segregation is necessary to achieve

desired nanomaterials. Typical techniques of such phenomena are sol-gel syntheses,
the hydrothermal method, microwave assisted synthesis and microemulsion,

e top-bottom — as opposed to the previous method- fabrication, in which larger planes
are etched out to remove crystal structure and realize nano-sized format. Ball milling,
pyrolysis methods, laser ablation, vapour depositions can be provided as examples.
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Fig. 2.5. Scheme of fabrication of NSs by bottom-up and top-down methods.

Another classification could be into natural, incidental or engineered [14]. In the first
type, synthetization is a natural process in the environment. The second group includes
nanomaterials which are obtained as by-products of industrial works. Engineered methods
include experiments and specialized processes.

Generally, it is understood that manufacturing can be also divided into the three main
categories: physical, chemical and biological. It is necessary to control the growth of
nanostructures during a specific chosen process, to achieve proper size, shape and thickness.
The methods of ZnO production are really numerous; in this chapter only selected ones are
described and divided into two main groups, i.e. physical and chemical, as briefly described

below.
Physical methods

These methods are based on deposition — condensation of molecules, atoms or ions
generated in specific sources at the selected substrates. They make it possible to obtain high
purity materials, intended among others for industrial electronics. The most common techno-

logical methods within this approach are briefly described below.

e Molecular Beam Epitaxy (MBE)

This method is based on the deposition of atomic flux of Zn from the effusion cell
(source) at the properly prepared substrate maintained at the controlled temperature in the
plasma (O/N) atmosphere, while the thickness of deposition of ZnO nanolayers is precisely

controlled. A simplified scheme of such a process is shown in Fig. 2.6.
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Fig. 2.6. Simplified scheme of the MBE method for the deposition of ZnO nanolayers.

e Atomic Layer Deposition (ALD)

This method is based on the deposition at the well prepared substrate maintained at the
controlled temperature of flux of Zn from the decomposed precursor of di-ethyl-zinc (DEZ)
and water vapour in the Ar gas flux, while the thickness of deposition of ZnO nanolayers is

precisely controlled. A simplified scheme of such a process is shown in Fig. 2.7.
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Fig. 2.7. Simplified scheme of the ALD method for the deposition of ZnO nanolayers.
e Pulsed Laser Deposition (ALD)

This method is based on the deposition at the properly prepared substrate maintained
at the controlled temperature of flux of ZnO from the pure ZnO disc bombarded by the pulse
KrF laser beam, while the thickness of deposition of ZnO nanolayers is precisely controlled.

A simplified scheme of such a process is shown in Fig. 2.8.
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Fig. 2.8. Simplified scheme of the PLD method for the deposition of ZnO nanolayers.

e lon Sputtering Methods (ISM)

This method is based on the deposition at the properly prepared substrate maintained
at the controlled temperature of flux of Zn from the Zn target ionized by the Ar* ions generat-
ed by the ion source. The following four experimental approaches have been applied in this
procedure:

e Direct Current Sputtering (DCS),

e Radio-Frequency lon Sputtering (RFIS),

e Reactive lon Sputtering (RIS),

e Magnetron Sputtering (MS),

e Combined Direct Current and Magnetron Sputtering (DCMS).

A simplified scheme of this last approach, most effective mainly in the deposition of
nanostructured ZnO nanolayers, is shown in Fig. 2.9.

In this process, target coating of the basic atoms of the deposited material is bombarded by
the Ar ions excited by the high voltage between cathode (generally behind the target)
and anode, and finally the ,,sputtered” ions from the target in the plasma (O/N) atmosphere

are deposited on a chosen substrate in the form of ZnO nanolayers.
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Fig. 2.9. Simplified scheme of the DCMS method for the deposition of ZnO nanolayers [15].

What is crucial, this method has been used for the preparation of porous nanostructured ZnO
thin films (nanolayers) being the first type of samples used in the experimental studies pre-

sented in this thesis.
e Combined Evaporation — Condensation Method (ECM)

This method is based on the deposition of flux of ZnO from the pure ZnO powder
evaporated from one part of the quartz tube inside the furnace and then condensed at the
properly prepared substrate maintained at the controlled temperature. A simplified scheme of
such a process for the deposition of ZnO nanowires is shown in Fig. 2.10.

Furnance 950 °C 730°C 220°C
I I

Inlet
Out to Pump
Ar carrier gas

|
outer quartz tube

ZnO starting  Substrate

inner tube <
material

(closed end)

Fig. 2.10. Simplified scheme of the ECM method for the deposition of ZnO nanowires.
20



What is crucial, this method has been used for the preparation of ZnO nanowires deposited at
Si substrate covered with Ag nanoparticles deposited by DCMS being the second type of

samples used in our experimental studies presented in this thesis.

Chemical methods

These methods consist in the deposition at the surface of selected substrates of mole-
cules, atoms or ions generated as a results of electrolytic, pyrolytic and optical decomposition
of the reagent, as well as by the chemical reaction of reagents. They also make it possible to
obtain high purity materials, intended among others for industrial electronics. The most com-
mon technological methods within this approach, based on the dry and wet chemical synthesis

are briefly described below.

e Chemical Vapour Deposition (CVD)
This method is based on three subsequent following steps [16]:
e carefully chosen reagents in the form of gaseous fluxes are transported to the sub-

strate,

¢ specific chemical reactions of reagents with the surface substrate occur combined with
their decomposition and subsequent surface diffusion at the controlled temperature,

e by-products of all the reactions are removed by gas flowing through the chamber.

A simplified idea of the CVD process for the deposition of ZnO nanolayers is shown
in Fig. 2.11.
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Fig. 2.11. Simplified idea of the CVD method for the deposition of ZnO nanolayers.



e Sol-Gel Synthesis (SGS)

This method is based on the hydrolysis and polycondensation reactions to achieve sol-
id materials (gel) from small molecules or microparticles (sols). Depending on the precursor
used, the colloidal method and polymeric (alkoxide) route can be distinguished.

In general, the precursors can hydrolize with water or alcohols, according to the for-
mula (2.1) below:
M(OR),, + nH,0 —» M(OH), +nROH, (2.1)

where: M is metal and R — alkyl group.

To achieve a sol form, a specific amount of acid must be added, and then sol is converted into
gel by evaporation at a sufficiently high temperature. In general, thin films can be prepared on
the chosen glass or metallic substrates with this procedure. Moreover, it should be noted that
when the spin coating is additionally applied, the thin layers can be obtained; double-sided
deposition is also possible when the dip-coating is additionally used. A simplified scheme
and idea of the sol-gel process for the deposition of ZnO nanostructures is shown in Fig. 2.12.
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Fig. 2.12. Simplified scheme of the sol-gel technique for the deposition of ZnO nanostructures.



2.4. Potential application of low dimensional ZnO nanostructures

Due to the unique attractive chemical and physical properties and a set of characteris-
tics, such as low toxicity, strong oxidation capability, relative stability in biological and chem-
ical conditions, photocatalytic activity or thermal activity and low costs, ZnO as material has
generated great interest and has been widely applied in many disciplines. Additionally, as it is
characterized by ease of processing resulting in its diversity in terms of morphology, it can be
applied in different ways [17,18]. ZnO nanostructures including nanoparticles of such a com-
pound are well-suited for improving the quality and effectiveness of many electronic devices
which play an important role in everyday life, as summarized in Fig. 2.13.
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Fig. 2.13. List of most important applications of ZnO nanostructures.

Moreover, ZnO nanostructures can also have biomedical applications, including cos-
metology, medicines or food packaging due to their antibacterial, antimicrobial, antioxidant
and antitumor properties and UV protection efficiency [17]. What is more, they have good
biocompatibility and low toxicity, hence they can be applied in bioimaging, drug or gene de-
livery. The overall amount of taken medicines can be reduced and thus the unwanted side
effects can be minimized by using nanoparticles to target specific sites of cancer cells. ZnO
particles in nano-scale are also adjusted in many therapies and diagnosis, e.g. as anticancer
drugs.

Because Zn is one of the main components of various systems in the human body, it is
present in various tissues, including brain, muscles, bones and takes part in important pro-
cesses such as metabolism, neurogenesis or synthesis of proteins and nucleic acids. Thanks to

ZnO nanoparticles, zinc is better absorbed by human body [19].



ZnO is also widely recognized as a sunscreen ingredient which protects the skin
against UV radiation. That is why it is used as a cosmetic ingredient to protect the skin against
sunburn or skin aging. In sunscreens, it protects the skin against UVA (320 + 400 nm)
and UVB (280 + 320 nm).

ZnO nanomaterials applied in plastics, paints, tapes, pigments or rubber industry pre-
vent the abrasion of the rubber composite, improve the quality, persistence and other proper-
ties of such products. Last but not least, ZnO plays a very important role in electronics and
photovoltaics. In industry it is mostly included in optical and electrical equipment. Nowadays,
a rapidly developing field of semiconductor physics and material science is transparent elec-
tronics.

As a TCO (transparent conductive oxide) with a wide, simple energy band gap, high
electron mobility and transparency greater that 90% in a visible region it provides great op-

portunities for the use in optoelectronic or photovoltaic devices.

Among others, ZnO nanostructures are used in transistors and diodes, which results in
better functionality, low-cost production and therefore, the use in other systems such as sen-
sors. They are mainly implemented as channel materials, can be used in various forms
and also with dopants or as dispersed particles in different solvents to improve their suitability
for the chosen purposes.

Fig. 2.14. presents the schematic view of a ZnO based thin film transistor (TFT) with
gold nanoparticles (AuNPs).
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Fig. 2.14. A Cross section of ZnO based TF transistor with AuNPs between the dielectric and the
channel layer [20].

Due to the appropriate metallic conductivity and optical transparency for visible light,
ZnO is applied in solar cells as a layer or structure for transport of the electron charges.



It appears also as the anode material for lithium-ion batteries due to the higher theoretical
capacity.

In recent years, ZnO has been widely recognized that by using it as a sensor materials
in the form of nanostructures, gas detection performance can be significantly improved [21].
One of the groups of sensors uses a change in its surface conductivity, because it is related to
the combined effect of adsorption and desorption of gases from the surrounding atmosphere at
the surface of ZnO. This is why ZnO is one of the most popular oxide semiconductor gas (es-
pecially toxic and explosive one) sensing materials in the construction of gas sensor devices.

The gas sensing properties of various forms of ZnO strongly depend on their atomic
structure and morphology, because these parameters strongly influence the gas response of
such devices. They can be improved by large surface-to-volume ratio, which can be achieved
by using low dimensional nanostructures, for example 1D nanobelts, nanowires, nanotubes.
Moreover, also the porosity and non-stoichiometry have a significant impact on the develop-
ment of sensors with very good sensitivity.

Fig. 2.15. Simplified scheme of a typical resistive type ZnO gas sensor [22].

What is more, ZnO nanomaterials are also becoming a promising material in environ-
mental protection. Due to their good photocatalytic activity, wide band gap, low toxicity,
chemical, thermal and photo-stability, they can be applied in waste water treatment for the
degradation of organic pollutants. In general, a semiconductor photocatalyst absorbs light
and is part of chemical transformation reactions. There are many advantages of the immobi-
lized type of photocatalysis, e.g. no preparation process before application is needed, almost
no mass transfer limitations, uniform distribution, continuous operations without final filtra-
tion, easy separation after reactions and possible reuse. Additionally, efficiency is increased

by doping ZnO with different metals such as Ag, Au or Cu.
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Chapter 3.
Aim and scope of own studies

As mentioned above, the main point of this doctoral thesis is that the selected low di-
mensional ZnO nanostructures with controlled and precisely defined surface properties, main-
ly including surface chemistry and surface morphology, can have a wide potential practical
application in microelectronics and environmental engineering.

In order to verify this point, the aim of the studies proposed in this work was to per-
form a comparative analysis of surface properties of the selected low dimensional ZnO
nanostructures including nanostructured ZnO thin films (in close cooperation with
Lukasiewicz Research Network — Institute of Electron Technology, Warsaw, Poland) and
quasi one-dimensional ZnO nanowires (in close cooperation with Brescia University, Italy),
with special emphasis on their surface morphology, as well as the surface chemistry, by using

the complementary surface analytical methods, such as:

e Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) for the
control of their surface morphology,

e X-ray Photoelectron Spectroscopy (XPS) for the control of their surface chemistry, in-
cluding stoichiometry and surface contaminations, as well as surface bondings,

e Thermal Desorption Spectroscopy (TDS) for the control of the desorption process of
surface contaminations of the residual gases from the sample under investigation.

Based on the performed experiments, a comparative analysis of surface chemistry and surface
morphology of nanostructured ZnO thin films and ZnO nanowires has been proposed.
Moreover, on the basis of the above-mentioned information at the next step of our
works the potential application of the nanostructured ZnO thin films in water purification
based on the photocatalysis effect (in close cooperation with Technical University of Dresden,
Germany), as well as the ZnO nanowires as the electrode material in SPV gas sensor device

for NO, detection have additionally been verified and precisely described.

.
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Chapter 4.
~Analytical methods for surface characterization of ZnO
i nanostructures

In this chapter and in the subsequent subchapters, various analytical methods (meas-
urement techniques) used in our experiments for surface characterization of ZnO nanostruc-
tures are described including their fundamentals, apparatus, abilities, as well as their ad-

vantages and limitations.

4.1. Atomic force microscopy (AFM)

In general, the Atomic Force Microscopy (AFM) makes it possible to obtain the imag-
es related to the morphology of solid surfaces. In this thesis the AFM method was mainly
used for the control of surface morphology of the nanostructured ZnO thin films.

Fundamentals

In the AFM method a laser light beam is reflected from a flexible cantilever with
a sharp tip scanned over the sample surface under scrutiny located at the XYZ piezo-scanner
and measured by a quadrant photodiode system. A different interaction force can be seen ver-
sus distance graph based on the tip and sample surface relations. In general, two forces can be
distinguished, which have an impact on the deflection of the cantilever, which is mainly relat-
ed to the Van der Waals force appearing between the tip and sample surfaces (Fig. 4.1.).
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Fig. 4.1. Dependence of acting VDW forces on distance between the tip and sample surfaces [23].
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It is caused by fluctuations in the charge density of atomic cores and the surrounding
electrons. The value of the force is associated with the particular geometry of the objects, typ-
ically assumed to occur between single atoms; however, it also has an effect in the interaction
of macroscopic objects. The second force that appears between charges of the particles or
objects, is called a Coulomb force.

Depending on the range of those forces versus tip-sample distance or the type of surface
to be tested, several modes of operations could be distinguished according to their characteris-
tic features, which enlarges the research field. Basically, the following division can be made:
static or dynamic (in line with the bending of the cantilever) and contact or non-contact
(whether the tip has a direct physical contact with the surface or not) [24], which is presented
in Fig. 4.2.

Besides those subdivisions, other deeper methods can be evaluated, such as those based
on the analysis of the electrical properties, mechanical viscoelasticity, electric and magnetic
fields or surface potential.
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Fig. 4.2. General scheme of various AFM operation modes [24].

The subsequent section is focused on the main, generally recognized classification of
the modes, which illustrates the operation of the AFM technique most clearly. In Fig. 4.3.
the basic three modes of AFM operation are shown, which have been briefly described.

Contact mode Tapping mode Non-contact mode
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Fig. 4.3. AFM operation modes depending on the distance between the tip and sample surfaces.



% Contact mode

It is also known as a repulsive mode. In that case the tip contacts directly with the ex-
amined surface at constant force or at distance. As can be seen in [23], the slope of the van
der Waals force is very steep; hence, it balances almost any force that tries to move the atoms
closer together. The result is that the cantilever bends rather than forcing the tip atoms closer
to the sample atoms. The height of the cantilever is regulated by the feedback circuit (deflec-
tion setpoint). Detector controls the changing deflection of the cantilever, and the force (re-
pulsive) can be calculated according to Hooke’s law (4.1):

F=k-x, (41)
where Kk is a spring constant, and x is cantilever deflection.

The force is usually in the range of 0.1 = 1000 nN, as it directly affects the surface of
the probe, which can lead to its destruction. After the system detects the deflection of the can-
tilever, depending on the samples used, the type of tips, etc., it is possible to work in one of
two sub-modes.

In the constant force method, the height of the tip is constantly regulated to keep a cer-
tain deflection. During the measurements, high resolution could be achieved; however, the
speed is limited. In the second case, constant distance, due to the fixed height of the scanner,
the topographic data set can be generated by directly used spatial variation of cantilever de-
flection. To retain control during scanning for the feedback loop, the sample should be suffi-

ciently smooth, but the high speed of scanning is the advantage.

«* Non-contact mode

In this case, there is no contact between the cantilever and the tested surface, thus it
cannot be destroyed. Unlike the other modes, the advantage here is that it can be used with
soft, not necessarily conducting samples. It is based on the principle of “amplitude modula-
tion” detection and is controlled by a Z-servo system feedback loop. In contact mode, the at-
tractive forces between the sample and the tip are much larger than in that application; hence,
in non-contact mode the tip must be given a small oscillation (< 10 nm) slightly above its res-
onant frequency at a constant oscillation amplitude. The oscillation takes place above the
sample, and images can be created by scanning the tip above the surface. The van der Waals
attraction force causes changes in both amplitudes and the vibration phase of the support
when the tip is getting closer to the probe. Three types of construction of the image can be

distinguished: magnetic, electrostatic and tapping. The first two are typical examples of non-



contact mode, while the last is actually intermittent contact mode and will be discussed as a
separate issue. In magnetic exchange force microscopy magnetic tips are used to achieve with
atomic resolution the distribution for magnetic moments on the surfaces in opposition to the
second case, where the electrostatic force is analyzed. Various factors must be analyzed to
obtain the result, such as the tip configuration, the role of the chosen applied field, the magni-
tude of the signals, and the interaction between the forces [25].

% Tapping mode

It is the most commonly used dynamic method, where the cantilever oscillates (taps)
vertically with or slightly below the resonance frequency with the amplitude mostly in the
range of 20 + 100nm. The distance between the tip and probe is controlled by electronic feed-
back to achieve either the phase or the amplitude in constant. Vibration is caused by piezo
motion driving an external frequency generator, next the tip is moved in the surface direction
until they are in slight contact. Periodic tapping with the substrate causes the reduction in os-
cillation due to the energy loss, since the cantilever has less space. The opposite situation ap-
pears, when it meets the depression (Fig. 4.4.). The piezoelectric scanner reacts to those
changes by deflecting the sample in such a way that the amplitude is maintained at a preset
level (related to the change in voltage), the analysis of changes is possible thanks to the re-
flected laser beam. Such phenomenon is used for measurements and identification of the sur-
face topography [26]. Tapping mode gives better resolution than in contact mode, because
cantilever tap and straightly detaches the surface during each oscillation and the lateral tip-

sample forces are avoided [27].
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Fig. 4.4. Steps of surface investigation in tapping mode AFM [26].

Using the above-described modes the AFM method makes it possible to characterize the sur-

face morphology of the samples under investigation.



Apparatus

A typical AFM instrument always contains the following main components: sample on
the piezoelectric tube, tip-cantilever array, laser or laser diode, quadrant photodiode detector

and control electronics with display, as shown in Fig. 4.5.
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Fig. 4.5. General idea (scheme) of AFM instrument.

The probe should be placed on the appropriate stage. The piezoelectric element is
handled by the cantilever oscillation, on which the appropriate tip is placed. There is a force
sensor created by the light lever — the beam of the laser is focused on the cantilever and re-
flected into the photodetector. When the topographic changes of the examined sample appear,
the sensor checks the output force and sends that value to the feedback controller. It affects
the piezoelectric scanner under the influence of voltage; the scanner deviates in such a way
that the tip stays at a constant force or height, depending on the required properties. The de-
tector reads the movement and converts it into an electrical signal. Finally, the graph corre-
sponding to the sample being tested is displayed on the monitor in the appropriate program.

In accordance with the mode of operation, some steps can vary. In contact mode, the
cantilever deflection is detected and compared with the desired value in the feedback control-
ler. In the case of differences the amplifier applies voltage to the piezoelectric scanner to set
the sample in a proper position when the required values are equal. The situation is slightly
different in the tapping mode. The feedback loop makes it possible to keep the amplitude of
oscillation of the cantilever constant. It is necessary to obtain the proper oscillation frequency,

at the lowest possible level is supported by the software.



Depending on the type of surface to be examined, its softness, morphological structure
or the mode of use of microscope, various types of cantilevers can be distinguished. They are
long in the range of 100 + 500 um and they are thick in the range of 0.5 + 5 um, mostly made
of monolithic silicon with different dopants to dissipate electrostatic charges. Due to their
chemical volatility and high mechanical Q-factor, they become more sensitive. What is cru-
cial, the sharp tips, located at the end of cantilever, have a different geometry, mostly based
on triangular and rectangular shapes, with the radius in the range of 1 + 10 nm, being pyrami-
dal with a polygonal shape or conical and may be made of a variety of materials suitable for
the test probes [28]. It is very important to place the tip on the cantilever in the proper way to
obtain the correct image, avoid scratching the surface of the sample and damaging it. Moreo-

ver, tips are really small and sensitive, hence they could be broken easily.
Abilities

The basic analytical information that can be obtained with the AFM method is availa-
ble in the form of specific AFM images containing the set of characteristic features mainly
related to the surface morphology (topography) of the sample under study. It can be divided
into three groups, as listed below:

e 2D topography and 3D dimensions morphology containing information on:

- characteristic features at top of surface as well as in subsurface materials with the
main contribution from grains found at sample surface,

- the average dimension of the specific object imaged at the material surface (width,
height),

- distribution of specific objects at material surface with respect to dimension,
e Atomic surface profile along a specific axis by using specific software (like
WSxM5.0),

e Surface roughness including RMS parameter by using specific software (like
WSxM5.0).

Advantages

The main advantages of AFM method are related to the fact that:

e samples viewed by AFM do not require special treatments, it perfectly works in air
and liquid,

e AFM provides a true 3D surface profile,

e AFM gives true atomic resolution under UHV, and also in liquid environments,



e high resolution AFM (especially in UHV) is comparable in resolution to other

commonly used microscopic methods like STM and TEM.

Limitations

The basic limitations of the AFM method are related to the following:
e image size (maximum scanning area is around 150 by 150 mm),
e incorrect choice of the tip for the required lateral resolution can lead to image artifacts,

o relatively slow rate of scanning during AFM imaging (especially at contact mode) of-
ten leads to thermal drift in image,

e images can be affected by hysteresis of piezoelectric material and cross-talk between
the (x,y,z) axes, which may require software enhancement and filtering.

4.2. Scanning Electron Microscopy (SEM)

The Electron Microscopy (EM) methods are the tools to obtain high resolution images
of the samples. For this purpose, instead of light in optical microscopes, electrons are used as
a source of radiation due to their very short wavelengths.

Basically, two main types of electron microscopes can be distinguished according to
the different information that can be obtained, i.e. Transmission Electron Microscope (TEM)
and Scanning Electron Microscope (SEM). The main difference between them is in the optics,
signal detection and the type of information that can be achieved.

In general in the SEM method the images are created by scanning a high energy elec-
tron beam on the surface of the sample.

In this work the Scanning Electron Microscopy method was mainly used for the con-

trol of surface morphology of ZnO nanowires.

Fundamentals

Principally, the SEM experiment takes place in a high vacuum environment in order to
avoid pollution and to obtain the image in the best possible resolution. If the system is un-
sealed, this could result in the appearance of various particles from the outside, as well as
deflection of the electron beam and a problem with their collection.

Generally, in this method the beam is scanned across the sample, and the reemitted
electrons are measured combined with the electronic unit for steering and control of the
measuring process and subsequent data acquisition in order to form the respective image.

In other words, the electron beam interacts with the atoms at different depths in the sample.



Electrons are able to distinguish more details and finer features of the examined surface due
to the shorter wavelength. This produces various signals, such as secondary electrons (SE),
Auger electrons, backscattered electrons (BSE), characteristic X-rays, photons, and so on. For
the creation of the image SE, which are emitted from the surface, and BSE, generated deeper,
are used. However, apart from those electrons, generated specific X-rays are also detected
and can be used in the energy-dispersive X-ray spectroscopy (EDX) for additional mapping of
the distribution and estimation of concentration of elements in the sample.

In Fig. 4.6. various signals (particles) coming out from the sample after interaction with the

electron beam and their distribution are presented.
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Fig. 4.6. Various outcoming particles (signals) from the sample after interaction with the electron
observed in electron microscope experiments.

Apparatus

The typical SEM instrument contains the following main components: i.e. electron gun,
anode, different lenses, sample under investigation in UHV chamber, electron detector, ampli-
fier, monitor. A simplified scheme of the SEM instrument is shown in Fig. 4.7.

Generally, the electron microscope instrument contains two main parts: electron column and
sample chamber. Inside the first part, electron gun, scan coils, condenser and objective aper-
tures with proper lens systems are placed. The sample chamber mainly contains the special
holder/stage, as well as systems of detectors and additional equipment, which is necessary for
the connection with computer systems. At the beginning of the microscope operations, elec-

trons are generated by the electron thermionic source, as well as the Schottky or field-
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emission cathode, from where they are emitted. This part is also called an electron gun and it
Is connected with the high-voltage power system. The typical energy range of electron beam
is from 0.2 keV to 40 keV. Thanks to the voltage difference between cathode and positively
charged anode, electrons are accelerated and attracted [29]. As mentioned above, all the inter-
nal parts of microscope are operating in a high vacuum environment; this is important, among

other aspects, to avoid electron scattering.
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Fig. 4.7. General idea of the scanning electron microscope, where a) is an electron column and b)
sample chamber.

In the SEM instrument there are electromagnetic lenses located in the column, which
are used to control the electron path. There are two types of lenses: a condenser, typically two
lenses at the beginning, which converges or re-converges an electron beam, and an objective
which collects the beam again directly before the impact on a probes. The sample should be
positioned on a holder that is located in a specimen stage. It can move in the X,y and z direc-
tions, tilt and rotate to be able to choose the proper area for testing, set the convenient work-
ing distance and improve the signal collection [30]. The samples are scanned in a raster sys-
tem. It is possible mainly due to scanning coils which are in the above-mentioned lenses.
A magnetic field is created by direct current running through the coils, which exert a force
upon the electrons moving along the column. The value of the force can be calculated by
the formula (4.2):

F=B-e-v-sina, (4.2

where B is the magnetic field induction and a is the angle between B and v [30].



Afterwards, the electrons are reflected and collected by the appropriate detectors, which are
placed above in the chamber, at the angle to the sample to achieve maximum electron spill-
age. They collect and convert the signal into an electrical signal that is processed to be finally
displayed as an image or spectrum. At the end, the final image is created and presented on the

screen of monitor.
Abilities

The basic analytical information that can be obtained with the SEM method is availa-
ble in specific SEM images, containing the set of characteristic features mainly related to
the topography of the surface of the sample under investigation that can be divided into two
groups as listed below:

e 2D topography and 3D dimensions morphology containing information on:

- characteristic features at the top of the surface as well as in subsurface materials
with the main contribution from grains found at sample surface,

- the average dimension of a specific object imaged at the material surface (width,
height),

- distribution of specific objects at material surface with respect to dimension,

e Atomic surface profile along a specific axis by using a cross sectional approach.

Advantages

The main advantages of SEM are such that various electron-specimen interactions ap-
pear, beside the backscattered and secondary electrons, which are important for the image
creation and provide qualitative and quantitative information. By the manipulation of the cur-
rent of the scanning coil, the scaling of image can be provided while keeping the size of the
image unchanged (about 10x10cm?), e.g. magnification increases if the current decreases
[29]. Another benefit of this method is related to the fact that it uses a rather simple (easy)
analytical (technical) procedure. Additionally, the following advantages can be distinguished:

o Fast time of realization due to the rapid imaging and results obtaining,
e Wide range of samples can be tested in various states of matter,

¢ High resolution, large depth of field.

Limitations

The basic limitation of the SEM method is as follows:

e The SEM experiment takes place in a high vacuum environment in order to avoid pol-
lution,



e Depending on the form of sample, lateral resolution can be obtained at the level of
tens nm, which is comparable to the AFM method, but is evidently lower with respect
to the Transmission Electron Microscopy (TEM) method,

e The size of the samples is limited and in the case of non-conductivity properties, they
should be coated.

4.3. X-ray Photoelectron Spectroscopy (XPS)

In general, the X-ray Photoelectron Spectroscopy method makes it possible to obtain
the information in the form of specific spectra on elemental surface composition of the exam-
ined material, its chemical and electrical state of identified elements including its stoichiome-
try and final surface empirical formula. As mentioned above, the XPS technique was used in
this work for the control of surface chemistry, including stoichiometry and surface contamina-
tions, as well as the surface bonds, of the various low dimensional ZnO nanostructures under

investigation.

Fundamentals

In general, the XPS method consists in the measuring of photoelectrons emitted from
the solids as the results of excitation of atoms in the subsurface region by the beam of X-ray
photons. This is because even the penetration depth and respective excitation area are at the
level of mm, the photoexcited electron can only be emitted from the specific narrow solid
angle, as shown in Fig. 4.8.

Electrons are emitted only

from a narrow solid angle X-Ray beam

X-Ray penetration I
depth ~ Tpm

s

X-Ray excitation area
~0.5x0.5cm?
Electrons are emitted
from this entire area

Fig. 4.8. General idea of the XPS method including the penetration of the X-ray beam in subsurface
region and subsequent photoexcitation of atoms and emission of photoelectrons from the solid.

What is crucial, in the case of semiconductors, the X-ray photons penetrate the surface layer
and cause the emission of photoelectrons from the core levels of ionized atoms, as shown

in Fig. 4.9., as well as from valence bands. However, apart from the emission of photoelec-



trons, the simultaneous undesired generation and emission of Auger electrons are observed

and commonly analyzed in the Auger Electron Spectroscopy (AES) method.
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Fig. 4.9. Band scheme of the photoemission process used in the XPS method.

The mechanism of photoemission process of electrons from solid state is described by
the commonly used three-step band model proposed by Spicer [31], which is used in both

fundamental and practical cases, as schematically shown in Fig. 4.10.
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Fig. 4.10. Scheme of the 3-step model of the emission of photoelectrons from the solids.

It consists of:
e Optical excitation of solid,
e Transport of excited electron to solid surface,

e Escape of excited electron from solid to the vacuum.



The intensity I, of photoelectrons emitted from the solid sample is defined as (4.3) [32]:
IAZNA.UA.)\A.K! (43)

where:

Na - average concentration per unit volume of chosen element (atom) A in subsurface

region,

oa - photoionization cross section (probability of optical excitation of deep energy lev-
els of selected core levels (corresponding to XPS peak) for the chosen element - at-

om) A of atomic number Z (see Fig. 4.11.),

Ja - Inelastic mean free path of a photoelectron from element A, corresponding to the
so-called attenuation length, related to the so-called information depth in XPS analy-
sis; for the XPS and UPS binding energy range of 20 + 1200 eV is in the range of

3+ 10 nm, as shown in [33,34],

K - reference parameter which combines together all other experimental and theoreti-
cal factors related to the quantitative detection of a signal (supposedly known and as-
sumed to remain constant during the experiments) like photon flux F, depth of photoe-
lectron emission z, electron detector efficiency D (usually constant), and electron ana-

lyzer transmission efficiency T (Ea).

This above relation (4.3) is a basis for quantitative analysis of chemical composition (chemis-

try) at the surface of sample under investigation, that will be more precisely analyzed in

Chapter 6.
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Fig. 4.11. Normalized photoionization cross section of the selected core levels for the chosen element

Atomic number Z

(atom) A of atomic number Z [35].
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Fig. 4.12. The attenuation length related to depth information versus the energy of excited electrons in
ionized atoms [33,34].

However, the most primary qualitative information in the XPS method is the photoelectron
energy for the solid defined by the well-known Einstein’s relation [36] that says in a summary
that many materials emit electrons when they are irradiated by a light, extended with the work
function, which is the minimum amount of energy needed to induce the photoemission of

electrons from a solid surface (4.4):

hv=E,+E,+o, (44)
where:
hv - primary photon energy,
Ey - binding energy of an electron in the solid,
Ex - kinetic energy of an emitted electron,
@ - electron work function from the solid.
By rearranging the equation accordingly, the kinetic energy of the emitted electrons could be
determined as (4.5):
Ex=hv—E,—¢, (45)

where: ¢ - spectrometer work function.

What is crucial, the binding energy can be described by the difference between initial and
final states of the ejected electron. However, in the scale of binding energy, Auger peak posi-
tions are dependent on it. XPS makes it possible to identify different elements thanks to the

fact that each of them has a unique set of values of binding energies. X-ray energy does not



affect the kinetic energy. In reality, kinetic energies can take on different values, since there
are many different possible final states of ions from each atomic type. Furthermore, for each

final state, there is a different probability or cross section of the state [37].

Apparatus

In the XPS experiments the photoelectron spectrometer is commonly used, which con-
tains the following main components: i.e. sample under investigation in UHV chamber, which
should be equipped with X-ray radiation source and the energy analyzer with electron detec-
tor for the analysis of energies of emitted photoelectrons, combined with the electronic unit
for steering and control of the measuring process and subsequent data acquisition.

A simplified scheme of the most popular XPS spectrometers (without and with
monochromator) is shown in Fig. 4.13.

electron electron detector
collection

lens I

photo-emitted electrons
sample from the top surface

focused beam of X-Rays

computer

Fig. 4.13. Simplified idea and general scheme of the XPS spectrometer.

As mentioned above, the XPS spectrometer contains mainly the ultrahigh analytical
vacuum chamber, which allows the photoelectron path to be extended and the environment to
be kept clean as well as protected against contaminants that could interfere with the XPS sig-
nal.

In general, the X-ray source (lamp) emits the focused monochromatic X-ray beam,
which irradiates the sample surface. Then the X-ray photon is absorbed by the atom or mole-
cule and the electron can be ejected. There is an emission of photoelectrons whose energies
are specific to the location. Before the electrons are analyzed by the detector, they pass
through a so-called electron analyzer. There is a lens system, which collects the emitted elec-



trons and delays their velocity so that their kinetic energy corresponds to that of a concentric
hemispherical analyzer (CHA) and can then be carried through holes and focused on the input
slot of the analyzer. Next, the detector collects photoelectrons, measures their kinetic energy
(Ex) and electrons emitted from the upper part (1 = 10 nm depth) of the material, which gen-
erates the respective XPS spectrum to be received and displayed on a monitor screen.
As mentioned before, the kinetic energy of the emitted photoelectron is dependent on the pho-
ton energy (hv) and bonding energy (Ep) of the electron.

The schematic view of the way of photoelectrons, lens systems and HSA with the de-

tector is presented in Fig. 4.14.
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Fig. 4.14. Simplified scheme of the path of photoelectrons into CHA analyzer.

The XPS spectrum is obtained by counting ejected electrons in the whole range of the
electron kinetic energy. It is presented as a plot of the number of detected electrons per energy
interval versus their binding energy. As each element has its own unique spectrum, through
the above-mentioned measurement it is possible to determine which one is on the surface of
the tested sample, as well as its chemical state and electron bond energy. The sum of respec-
tive peaks of the individual constituents is approximated by a spectrum from a mixture of
elements [37].

Moreover, the atoms of emitting electrons of a certain energy characterize the peaks in
the spectrum. Identification and quantification of all surface elements (except hydrogen) are

possible due to energy value and intensity of photoelectron peaks.



Abilities

As mentioned above, the basic analytical information that can be obtained with the
XPS method is available in the XPS spectra, containing the set of characteristic peaks in vari-
ous binding energy regions, which corresponds to the contribution of every element(s) that

can be found at sample surface. This information can be divided into two groups, as listed

below:

e Surface chemistry, including:

- identification of chemical state based on the determination of spectral line ener-
gy, elemental identification of surface atoms including surface chemical bondings
based on their binding energy (qualitative analysis),

- surface chemical composition and corresponding relative concentration of vari-
ous, elements (atoms), even at the level 0.01 monolayer - quantitative analysis -
including depth profiling (DPXPS),

o Electronic properties of space charge layer (SCL) including:

- relative position of surface Fermi level Eg, corresponding to the zero binding en-
ergy with respect to the top of the valence band at the surface Ey, corresponding
to the surface potential (band bending e-V5),

- distribution of the occupied electronic states in upper part of the valence band
(VB), as well as in the band gap of semiconductor (BG).

Advantages

The main advantages of XPS method are related to the fact that:

e it can be widely used for the analysis of chemical surface properties of various materi-
als,

e the information depth is at the level of single nm (single atomic layers), hence XPS is
really a surface analytical method,

e when using the CHA analyzer combined with the channeltron or channel plate detec-
tor for photoelectrons, the sensitivity of the XPS method in detection of surface atoms
is at the level of 0.01%.

Limitations

The basic limitation of the XPS method is related to the fact that for obtaining the
highest binding energy resolution of XPS spectra (at the level of kT), the monochromatization

of X-ray radiation is indispensable.



4.4. Thermal Desorption Spectroscopy (TDS)

In general, Thermal Desorption Spectroscopy is a method which makes it possible to
obtain the information in the form of specific spectra on the competitive desorption effects for
specific particles from the surface of the sample under investigation under its increased tem-
perature.

As mentioned above, the TDS technique was used in this work for the control of the
desorption process of surface contaminations of the residual gases from the low dimensional

ZnO nanostructures under investigation.
Fundamentals

In general, the TDS method consists in the measuring of surface species (molecules)
by the Mass Spectrometry (MS) method; molecules can be desorbed from the surface of the
sample during its heating under ultrahigh vacuum (UHV) conditions with linearly increased
temperature T in time t, which can be described as (4.6):

T

d
B =25 (46)
This is why the TDS is also commonly called TPD - Temperature Programmed Desorption.

The process schematically shown in Fig. 4.15. is related to the respective variation of partial

pressure(s) of various gas species inside the measuring chamber with linear heating rate
(ramp).

mass spectrometer

sample

programmed heating

Fig. 4.15. Simplified idea of the thermal desorption process of gases from the sample surface.



The rate of gas desorption strongly depends on the precisely defined specific
experimental conditions and can be described by the Polanyi-Wigner equation (4.7) [38]

based on the Arrhenius expression:

_30 _ gn _ Edes
dt—@ voexp( kBT), (4.7)

where:

0 - instantaneous surface coverage,

d&/dt - desorption rate per unit area,

n - information on the adsorption and desorption mechanism,
6 - instantaneous surface coverage,

Vo - attempt frequency,

Eqes - desorption barrier,

ks - Boltzmann constant,

T - sample temperature.

After converting the aforementioned equation by taking into account that temperature is in-

creasing linearly, the following formula is obtained (4.8) [38]:

_ 46 _ 8" _ Edes
at B exp( kBT)’ (4.8)

where: /- heating rate in the function of time T = T, + Bt.

The shape of respective TDS peaks depends on the surface coverage and order of gas
desorption. What is crucial, the temperature maximum of TDS peak is invariant with initial
coverage only for the first-order thermal desorption (reaction), which is the most common
effect observed on the surface of semiconductor materials, and can be used for the determina-
tion of desorption energy Eges. Thus, from the TDS spectrum the respective parameters like

Eges, Vo and n values could be obtained.
Apparatus

In general, Thermal Desorption Spectrometer (TDS) contains the following main
components, i.e. the UHV chamber for thermal desorption experiments dynamically pumped
at constant speed (turbomolecular systems are commonly used), DC power supply for the
thermal heating of the sample at increasing linear temperature ramp, quadrupole mass spec-
trometer (QMS) or residual gas analyzer (RGA) for the detection of relevant desorbing spe-

cies (gases) related to the control of variation of their partial pressure, and electronic unit for



steering and control of the TPD process combined with data acquisition, as schematically
shown in Fig. 4.16.
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Fig. 4.16. Simplified idea and scheme of TDS spectrometer.

In general, within the operation of the TDS experiment method the  following steps
can be distinguished: after placing a sample with a certain amount of absorbed molecules in
a suitable place, a gradual increase in temperature controlled by the thermocouple, using the
programmed heating system, which causes the desorption of species from the surface being
investigated. The ability to react to the desorbing molecules is provided by a specially
designed sampling end, mainly cone-shaped. They are then analyzed by a mass spectrometer
and finally the result can be achieved in the form of the TPD spectrum. With this method it is
possible to observe, among other things, the amount of desorbed particles by analyzing the
intensity of peaks on the spectrum, as well as their total amount through the total spectrum.

Abilities

The basic analytical information that can be obtained with the TDS method is availa-
ble in the TDS spectra, containing the set of mass spectrometry partial pressures maximum
peaks at the respective desorption temperature related to the specific ions corresponding to the
atoms or molecules desorbing from the sample. The information allows us to control the de-
sorption process of specific gas species adsorbed at the sample surface, usually in air atmos-
phere conditions. Moreover, from the maximum of the temperature for partial pressures of

specific gas species their desorption energy can be estimated.



Advantages

The main advantages of the TDS method are related to the fact that it enables a simple
and direct control of thermal desorption of specific gas species adsorbed at the sample sur-
face. It makes it possible to determine interactions and kinetic parameters of adsorbents.
Moreover, the sensitivity and accuracy of the TDS method is related to the ability of mass
spectrometer used. With modern equipment, a wide operating temperature range is possible,
which increases the variety of materials to be tested, as well as fully programmable control to

improve the diversity of the tests.

Limitations

The basic limitation of the TDS method is related to the fact that for obtaining the
highest reliability of the information on condition of the desorption of specific gas species
from the sample surface, the properly controlled and repeatable pumping conditions should be
allowed. Experiments are not repeatable if the desorbed gases do not return to the surface of
the sample, so the working conditions must be right and the equipment must be properly cali-
brated. Moreover, there is no indication what is still left in the sample. Some of the adsorbents
could decompose or react in various ways resulting in new chemical compounds what pre-

vented them being removed from the surface.
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Chapter 5.
Experimental methodology of preparation
~and characterization of selected ZnO nanostructures

5.1. Preparation of selected ZnO nanostructures

For the experimental part of the thesis, depending on the research being done, the spe-
cific, distinct types of samples were used, i.e. the nanostructure ZnO thin films and the ZnO
nanowires. The methodology of their preparation (deposition) are precisely described below,

in the subsequent subsections.
5.1.1. Nanostructured ZnO thin films

For preparation of the nanostructured ZnO thin films, the direct current reactive mag-
netron sputtering (DCMS) method (schematically shown above in Fig. 2.9.) was applied using
the high vacuum reactor of an installation of Surrey NanoSystems y 1000 C model (UK) in
the Lukasiewicz Research Network - Institute of Electron Technology, Warsaw, Poland.

The above mentioned nanostructured ZnO thin films were deposited on Si(100) sub-
strate degreased by boiling in trichloroethylene, acetone and isopropanol and bathed in buff-
ered HF solution to remove any native oxide [39,40]. In the deposition process the 99.95 %
pure Zn target with 75 mm diameter was used and the following technological parameters
were implemented: 80 W DC under 3 mtorr constant total pressure with the various Ar/O; gas
flows (in sccm: 3:0.3, 8:08, 10:1, 15:1.5 and 30:3, respectively), what allowed us to obtain
the nanostructured ZnO thin films of different morphologies.

For the photocatalytic experiments, the chosen DCMS ZnO nanostructured porous thin
films were used, which have been deposited on Si(100) substrate by the DC reactive magne-
tron sputtering method but combined with an additional post-deposition annealing at 700 °C
[41] to obtain the optimal, more flat morphology, evidently crucial for our photocatalytic ex-
periments combined with the purification processes of water contaminated with organic com-
pounds. The details of these studies and the obtained results have been precisely described in
Chapter 8. The exemplary samples used for are shown in Fig. 5.1.

.



Fig. 5.1. Photo of nanostructured ZnO thin films deposited on Si substrate used in our photocatalytic
experiments.

5.1.2. ZnO nanowires

For the preparation of ZnO nanowires the vapor phase deposition (VPD) method
based on the subsequent evaporation-condensation process was applied, using the deposition
system schematically shown above in Fig. 2.10, which is available in the SENSOR Lab, De-
partment of Information Engineering, University in Brescia (Italy).

The ECM ZnO nanowires were deposited on Ag-covered Si(100) substrate from the
ZnO powder, which was placed in the middle of furnace at high temperature of 1370 °C
and then condensed in a colder region (around 700 °C) at the surface of substrate. For moving
the evaporated material, an inner gas flow (Ar, 100 sccm) was applied. For the control
the pressure inside at the level of 100 mbar the barometer - MKS model (Germany) was used.

The catalyzed growth assisted Ag nanoparticles were deposited on Si substrate by
the DC magnetron sputtering method using the Kenotic system (lItaly), which enabled to
achieve good uniformity of ZnO NWs lateral dimensions [21].

Such prepared ZnO nanowires have been used as the electrode material in our novel
type SPV gas sensor system for the determination of their gas sensor characteristics in NO,
toxic gas atmosphere. The details of these studies and the obtained results have been precisely

described in Chapter 8.



5.2. Methodology of surface characterization of selected ZnO nanostructures

5.2.1. Characterization of surface atomic structure and morphology by AFM and SEM
methods

The morphology of nanostructured ZnO thin films was investigated by using the AFM
Bruker MultiMode 8 system (Bruker, Santa Barbara, CA, USA), shown in Fig. 5.2, which
consists of MultiMode8 head completed with three scanners (AS-130VLR-2, AS-2VLR-2
and AS-05-2) with different scanning ranges (areas). For the further analysis of achieved im-
ages, NANOSCOPE V controller with the original NanoScope V9.10 software was used. The
AFM experiments were hold in Department of Cybernetics, Nanotechnology and Data Pro-

cessing at Silesian University of Technology, Gliwice, Poland.

Fig. 5.2. Atomic Force Microscope at Department of Cybernetics, Nanotechnology and Data
Processing, Silesian University of Technology, Gliwice, Poland.

In addition, the morphology of nanostructured ZnO thin films has also been controlled
by the SEM method in a close cooperation with the Institute of Physics, Polish Academy of
Sciences, Warsaw (Poland), using the commercial, high resolution scanning electron micro-
scope HR SEM - Carl Zeiss Auriga 60 model (Germany) operating at 5 keV, with a lateral

resolution of 2 nm, which is shown in Fig.5.3.
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Fig. 5.3. HR SEM Instrument in Institite of Physics, Polish Academy of Sciences, Warsaw, Poland.

In turn, the experimental SEM characterization of the surface morphological proper-
ties of ZnO nanowires deposited at the Si(100) substrate by VPD method, was performed
in cooperation with the SENSOR Lab, Department of Information Engineering (DII) in
Brescia University (Italy), with the usage of Field-Emission Scanning Electron Microscope
(FE-SEM, Gemini, Leo 1525 model), operating in the range of 3-5 keV, which is shown
in Fig. 5.4.

Fig. 5.4. FE-SEM instrument in SENSOR Lab, Brescia University, Italy.
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5.2.2. Characterization of surface chemistry including contaminations by XPS method

The XPS studies of the above mentioned two low dimensional ZnO nanostructures
were performed at the Department of Cybernetics, Nanotechnology and Data Processing,
Silesian University of Technology, Gliwice, Poland, by using a commercial XPS spectrometer
(SPECS, Berlin, Germany) equipped, among others, with the sample manipulator, an X-ray
source (lamp -AlK,, 1486.6 eV, XR-50 model) and the concentric hemispherical analyzer
CHA (PHOIBOS-100 Model ), which is shown in Fig. 5.5.

Fig. 5.5. X-ray Photoelectron Spectrometer (XPS) at the Department of Cybernetics, Nanotechnology
and Data Processing, Silesian University of Technology, Gliwice, Poland.
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5.2.3. Residual gas interaction at surfaces using TDS method

For detection of specific active surface gases desorbed from the above mentioned ZnO
samples surface, the TDS measurements by in line mass spectrometry (MS) were performed
in the Department of Cybernetics, Nanotechnology and Data Processing, Silesian University
of Technology, Gliwice (Poland), using the commercial TDS systems (PREVAC, Poland)
based on the UHV chamber, which consists of sample manipulator, resistive type sample
heating unit with a temperature programmable control system (OmniVac-Dual Regulated
Power Supply PSReg120 model) with a regulation of sample temperature in the range of
50 + 300 °C, and the mass spectrometer - residual gas analyzer — Stanford RGA200 model
(USA). This system is Fig. 5.6.

Fig. 5.6. Thermal Desorption Spectrometer (TDS) at the Department of Cybernetics, Nanotechnology
and Data Processing, Silesian University of Technology, Gliwice, Poland.
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Chapter 6.
- Results and discussion on characterization of surface
f properties of selected ZnO nanostructures

In this chapter, the most significant experimental results on the characterization of sur-
face properties of chosen ZnO nanostructures are presented divided into 2 main sections relat-
ed to the nanostructured DC RMS ZnO thin films, as well as the VPD ZnO nanowires. More-
over, for both ZnO nanostructures their surface morphology, together with their surface chem-
istry including their purity and non-stoichiometry, as well as the surface bondings, having

the strong direct influence on their electronic properties are presented.

6.1. DCMS nanostructured ZnO thin films

6.1.1. Crystallinity and surface morphology

At the first stage the surface morphology of nanostructured ZnO thin films deposited
by the DC RMS technology for different Ar/O, gas flow conditions have been studied using
the AFM method. It was observed, that only for the nanostructured ZnO samples from ex-
treme gas flow concentrations, the changes in their morphology were noticeable, as shown
in Fig. 6.1., where the set of two AFM images corresponding to the nanostructured ZnO thin
films deposited at the Ar/O, gas flow ratio, consecutively equal to 3:0.3 and 30:3 sccm,
are presented.
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Fig. 6.1. AFM images of nanostructured ZnO thin films deposited at the Ar/O, gas flow of 3:0.3 sccm
(a) and 30:3 sccm (b); the symbols R.and R, denote arithmetical mean deviation of the assessed
profile and a root mean square roughness parameter, respectively [40].
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For these above images two analytical parameters have been determined, which de-
scribe the morphology of investigated surface.
A first one is R, — arithmetical mean deviation of the profile, that can be ascribed with

the following formula (6.1):
R, = % [1Z(x0)ldx,  (6.1)

where: Z(x) is the function of the depth profile and L is the length considered.

In turn, a second one: Ryys Stands for the root mean square roughness.

After detailed analysis of the information shown on images presented in Fig. 6.1. it is
possible to observe, that for the least amount of the gas flow ratio, porosity was much lower
than in the opposite, extreme case. In the Ar/O, flow equal to 30:3 sccm, the shape of ZnO
nanostructure was almost similar to nanoflowers with the nanograins of average size in the
range of 20 + 40 nm, and the grains with the dimension of about 100 nm were easily identifi-
able. It can be explained by the fact that only at the highest Ar/O, flow rate the highest
amount of oxygen inhibits the growth and coalescence of Zn crystallites caused by new nu-
cleation centers at the growth front in the presence of oxygen atoms. Therefore, the morphol-
ogy is modified by decreasing the size of the crystallites.

At the second stage the crystallinity and surface morphology of nanostructured ZnO
thin films deposited by the DC RMS technology for the highest flow of Ar/O, mixture after
their additional heating at 700 °C have been studied using the HR SEM method. The obtained
SEM images for two specific conditions are shown in Fig. 6.2.

On the base of observation of above mentioned images shown in Fig. 6.2., one can ob-
serve, that surface morphology of nanostructured ZnO thin films under investigation resem-
bles the coral reef that consists of polycrystalline coral dendrites. It was maintained even with
the rechecking of morphology, after 4 cycles of the photocatalysis. However, the statistical
analysis of individual crystallites’ long and short axis lengths showed, that the size has grown
and the median is shifted from 43 to 76 nm (long axis) and from 28 to 58 nm (short axis).
It was calculated based on manual determination of crystallite shape and size using the
ImageJ processing program. This difference in size can be explained by the presence of resid-
ual adsorbed methylene blue (MB) or its photodegradation by-products on the sample‘s sur-
face, as well as by the effect of UV irradiation.
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Fig. 6.2. HR SEM images of the nanostructured ZnO thin films for the virgin sample (a) and after 4
cycles of the photocatalysis (b) with histograms of individual nanocrystallites long (c) and short (d)
axis lengths after image analysis [40].

6.1.2. Surface chemistry including contaminations

As was mentioned above, apart from the surface morphology of nanostructured ZnO
thin films in our experiment their surface chemistry have also been studied including their
purity, non-stoichiometry, and surface bondings have, using the XPS method.

As before, at first stage the XPS studies were performed for the nanostructured ZnO
thin films deposited by the DC RMS technology for the extremally different Ar/O, gase flow
conditions 3:0.3 and 30:3 sccm, respectively.

In general, in common XPS studies, the XPS survey spectra within the commonly
used binding energy range (1200 eV) are registered. However, due to the large unwanted
background - especially in the 1200 + 600 eV range, in order to more precise determination of
the relative concentration of major elements at the surface (in the subsurface layers) of
nanostructured DC RMS ZnO thin film, only the lower range of binding energy (to 600 eV),
has been also registered, what is shown in Fig. 6.3.
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Fig. 6.3. XPS survey spectra in limited binding energy range for the nanostructured ZnO thin films
deposited at the gas flow ratio 3:0.3 (black) and 30:3 sccm (red) [40].

One can observed in the XPS spectra presented above, that the contribution of main
core level lines O1s, Zn3s, Zn3p and Zn3d, that correspond to the main elements (atoms)
in the investigated samples, are clearly visible. Furthermore, the XPS C1s lines can also be
noticed related to the undesired C contaminations. It usually appears after exposure of
the sample to air atmosphere, e.g. during the transport from the deposition chamber to the
XPS analytical chamber. However, it should also be mentioned, that apart from the main core
level lines, the additional peaks associated with Auger electron emission lines at ~570 eV,
~500 eV and ~470 eV, corresponding to the Zn L3M23Mys, Zn L3MysMys, and Zn LoMysMys
electron transitions, respectively, were also observed, which can be omitted in our further data
analysis.

Based on the experimental XPS survey spectra shown in Fig. 6.3., using the well-
known analytical formulas [40], it was possible to calculate the relative surface concentration
of main elements with respect to all recognized surface atoms, using the set of basic 3 rela-

tions shown below (6.2).
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where:

| - the intensity (height) of Ols, Cls and Zn3p core level peaks corrected by the
transmission function T(E) of CHA PHOIBOS 100 of 1.00, 0.90 and 0.85, respective-

ly,

ASF - the atomic sensitivity factor for Ols equal to 0.66, C1ls to 0.25 and Zn3p
to 0.40.

Using the above relation, the relative surface concentrations of main elements with respect to
all recognized surface atoms have been determined, which are presented in the Table 6.1. be-

low.

Table 6.1. The relative concentrations of main elements in the subsurface layers of nanostructured
ZnO thin films [40].

) ) Relative concentration of the main specific elements
Ar/O, ratio at deposi-
tion of Z(Qcc(z)r;r)nn films [0]/ [Zn]/ [Cl
([Zn]+[O1+[C]) ([Zn]+[O1+[C]) ([Zn]+[O]+[C])
3:0.3 0.25+0.03 0.48 +0.03 0.27 +0.03
30:3 0.29 +0.03 0.53 +0.03 0.18 +0.03

Based on the analysis of XPS data presented in the Table above, one can noticed that
the relative concentration of O atoms with respect to all other surface atoms for the analyzed
samples is rather similar, since it varies only in the range of 0.25 + 0.29. Moreover, for the
relative concentration of Zn atoms in the same reference, the value is quite stable and changes
only in the range of 0.48 + 0.53 (taking into account the accuracy, the respected difference
in Zn concentration is more than two times larger).

However, a different relative concentration of C was observed with respect to all other
surface atoms. Its amount is clearly different, varying in the range of 0.27 + 0.18 and is
significantly lower for nanostructured ZnO thin films deposited at the highest gas flow ratio
(30:3). In that case, the specific difference in above mentioned relative concentration with
respect to the accuracy is three times larger, what is very important for the further interpreta-
tion of presence of unexpected carbon contamination at the surface of our ZnO nanostruc-

tures.



The obtained results confirm the evident non-stoichiometry, combined with a high
content of C impurities at the surface of our nanostructured ZnO thin films. As this may be
attributed to the existence of specific additional oxygen and carbon surface bond forms,
the next step was to analyze the local surface chemistry of nanostructured ZnO thin films.

In order to perform the analysis and interpretation of obtained results,
the deconvolution of the spectral lines Zn2p, Ol1s and C1ls was performed, using the Casa
XPS SPECS software. The achieved spectra (graphs) are presented below (Fig. 6.4., Fig. 6.5.
and Fig. 6.6., respectively).
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Fig. 6.4. The XPS Zn2ps;, lines after Gauss fitting deconvolution for the nanostructured ZnO thin
films deposited at the gas flow ratio respectively (a) 3:0.3 and (b) 30:3 sccm, respectively [40].
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Fig. 6.5. The XPS O1s lines after Gauss fitting deconvolution for the nanostructured ZnO thin films
deposited at the gas flow ratio respectively (a) 3:0.3 and (b) 30:3 sccm, characterized by extreme O
surface concentration [40].
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Fig. 6.6. The XPS C1s lines after Gauss fitting deconvolution for the nanostructured ZnO thin films
deposited at the gas flow ratio respectively (a) 3:0.3 and (b) 30:3 sccm, characterized by extreme C
surface concentration [40].

In the Fig. 6.4. one can observe the deconvolution using Gauss fitting for the XPS
Zn2ps; line, for 3:0.3 and 30:3 sccm Ar/O, gas flow ratio, as it had the highest intensity from
all Zn XPS peaks. For both investigated ZnO samples, the shape of XPS lines looks symmet-
rical, whereas in order to verify the surface bonds it was necessary, after appropriate back-
ground subtraction, to use deconvolution procedures (as red curves in the graph).

Since the deconvoluted XPS Zn2ps; lines in both cases have a very large line fitting
parameter (RMS = 0.995) and a similar line width (~ 2.4 eV), this proves that only one com-
ponent is observed always at a binding energy of ~1022 eV, which corresponds to Zn atoms
in the ZnO lattice on the surface.

In turn, Fig. 6.5. shows the XPS O1s lines after deconvolution using Gauss fitting for
both above mentioned ZnO samples deposited at 3:0.3 and 30:3 sccm Ar/O; gas flow ratio.
In this case the pronounced asymmetry of this XPS O1s lines is clearly noticeable. This may
indicate the existence of different forms of oxygen bonds at the surface of above mentioned
ZnO samples. Further, by the detailed verification of potential oxygen bond forms using
deconvolution for both ZnO samples it was noticed, that they consist of two components.
A first one (blue curve) is located at binding energy ~ 531.0 eV and can be attributed to O,
ions in ZnO lattice, while the second one (red) at binding energy ~ 532.5 eV corresponds to
oxygen atoms in OH- groups on ZnO surface. The XPS line widths of identified components
in both cases are very comparable, being 2.35 eV for the left component and 1.88 eV for

the right component, correspondingly.



In addition, by determining the relative area under the components of XPS O1s lines,
it was found that for lower Ar/O, gas flow ratio the relation between the OH" groups and Oy’
ions is practically identical (~1.0), while for the second sample (with higher gas ratio) the
relative concentration of O, ions in relation to OH- groups increases, achieving the value of ~
1.5. It should be underlined at this moment that the above mentioned information related to
the existence of OH— groups at the surface of our both ZnO samples remains in agreement
with the information obtained from the XPS C1s lines for our both nanostructured ZnO thin
films.

The last Fig. 6.6. presents the XPS C1s lines, exhibiting a similar symmetry as for
the case of XPS O1s spectral lines. Then, after performing a similar Gauss deconvolution pro-
cedure, it was found that the RMS fitting parameter was very high and is about 0.98 in both
cases with binding energy of ~286 eV and line width of 1.84 eV. Such a coincidence can be
attributed to the existence of C-OH surface bonds, which confirms that two kinds of different
surface hydroxyl groups have been observed for the XPS O1s (~532.5 eV) and XPS C1s
(~286 eV) peaks, which can induce a change in the local surface chemistry.

It should be added at this points that the non-stoichiometry of nanostructured ZnO can
affect the surface morphology and resulted in different carbon content on their surface.
In the case of the higher gas flow concentration ratio Ar/O, (30:3 sccm), where the non-
stoichiometry was slightly higher (0.29/0.53) and the porosity was greater, it can be seen that
a lower amount of relative C concentration was observed. This is related to the smallest car-
bon adsorption surface area corresponding directly to the proportion of OH™ groups, since this
ZnO sample more easily adsorbs OH- groups on the surface.

The opposite situation occurred for the lower Ar/O, gas flow ratio (3:0.3), where
grains with dimensions of 100 nm were well-recognized. The relative concentration of C has
the highest value (0.27), even at a slightly lower relative oxygen concentration (0.25).

Thanks to the performed studies, it can be concluded that for the potential application
of nanostructured ZnO thin film layers for gas detection, those obtained at the highest Ar/O,
ratio (30:3) are definitely better, as they have a lower level of C impurities. They could be
promising candidates for the detection of mainly oxidizing gases, especially in the presence of
water vapor H,O, due to the non-stoichiometry corresponding to the higher concentration of
oxygen vacancies, which play a key role as specific adsorption sites for various active oxidiz-
ing gases in the gas detection process. Such ZnO nanostructures can be very sensitive espe-

cially to toxic gas species containing ambient oxygen, such as nitrogen dioxide (NO,).



What is crucial, the high concentration of C impurities, including C-OH, causes an
undesirable barrier, e.g., for adsorption of toxic gases, especially at the lower operating tem-
perature. Furthermore, this can have a strong influence on the uncontrolled aging effect of
the sensor. Therefore, the presented results are very important for the design of gas sensors.

At this point it should be mentioned that all the above described own XPS results have
already been published in one of author’s paper listed as [40].

As before, at the second stage the XPS studies were performed for the nanostructured
ZnO thin films deposited by the DCRMS technology after their additional heating at 700 °C
in relation to the independent photocatalytic experiments done within the further studies per-
formed within this work. For the reason described above, for more precise analysis of relative
concentration of main specific element the survey spectra at limited binding energy (BE)
range (0 + 600 eV) presented in Fig. 6.7. have been taken into account.
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Fig. 6.7. The XPS survey spectra of the nanostructured ZnO thin film after additional heating at
700 °C, before (black) and after (red) 4 cycles of photocatalytic experiments [41].

In this XPS survey spectra, the contribution of main core level XPS lines O1s, Zn3s, Zn3p
and Zn3d, as well as the undesired XPS C1s lines related to the undesired C contaminations
can be observed. Moreover, as before, apart from the main core level lines, the additional
peaks associated with Auger electron emission lines at ~570 eV, ~500 eV and ~470 eV,
corresponding to the Zn L3M23M45, Zn L3M45M45, and Zn L2M45M45 electron

transitions, respectively, were also observed, which can be omitted in our further data



analysis. Based on the experimental XPS spectra shown in Fig. 6.7., using the above proposed
analytical procedure, the relative surface concentration of main elements with respect to all

recognized surface atoms have been determined, what was summarized in Table 6.2.

Table 6.2. The relative concentrations of main elements from the subsurface layers of nanostructured
ZnO thin films additionally heated at 700 °C before and after photocatalysis [41].

] Relative concentration of the main specific elements
Experimental

period [O)/ [C)/ [O]/ [C)
([Zn]+[C]+[C)) || ([Zn]+[O]+[C]) [Zn] [Zn]
before/after ~0.25 ~0.20 ~1.4 ~1.2

As observed in the XPS survey spectra shown in Fig. 6.7. and from the data summarized
in Table 6.2, the surface chemistry of above mentioned nanostructured ZnO thin films before
and after photocatalytic experiments were similar. It means, that in the surface/subsurface
region of the ZnO sample a significant non-stoichiometry was found, which is related to the
presence of different surface oxygen atoms combined with surface carbon atoms. It was con-
firmed by the deconvolution of selected XPS spectral lines Zn2ps,, Ol1s and C1s, respective-
ly, using the Casa XPS SPECS software.

Fig. 6.8. shows the XPS Zn2p double lines of the nanostructured ZnO thin film before
and after the photocatalytic experiments, as well as the XPS Zn2ps/, spectral line for both cas-

es after Gauss fitting deconvolution procedure.
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Fig. 6.8. XPS Zn2p double spectral lines of the nanostructured ZnO thin films before (black) and after
(red) the photocatalytic experiments (left side) and the XPS Zn2ps, spectral line for both cases after
Gauss fitting deconvolution (right side) [41].



As shown in Fig. 6.8. (left side) the XPS Zn2p double spectral lines of the sample be-
fore and after the photocatalytic experiments are broadly, and slightly asymmetrical, having
two easy resolved components with the binding energy successively equal to 1045 eV
and 1022 eV, what corresponds to the spin orbit splitting of Zn2py,; and Zn2ps/,, with an in-
terval about 23 eV between them, what is proper value according to the reference data [42].
This confirms exactly that the surface Zn atoms occur mainly in the form of Zn* ion [39].

In turn, as can be seen in the Fig. 6.8.b, after the deconvolution procedure of XPS
Zn2ps/; spectral lines, two components, located at ~1022 eV and ~1024 eV, were recognized.
A first one being higher can be related to Zn atoms in the ZnO lattice, while the second one is
specific to the zinc hydroxide species Zn(OH)2 [40,43], what could be related to the exposure
of the sample to natural humidity conditions.

Moreover, in the Fig. 6.9. the XPS spectra of O1s and C1s of nanostructured ZnO thin

film before the photocatalytic experiments after Gauss fitting deconvolution procedure.
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Fig. 6.9. The XPS O1s spectral line (left side) and C1s spectral line (right side) of the nanostructured
ZnO thin film before the photocatalytic experiments obtained after Gauss fitting deconvolution [41].

In the left graph two typical oxygen surface bonds at binding energy of 531.1 eV
and 532.8 eV, are visible, that can be ascribed to the hydroxyl groups OH" and the ZnO lattice
oxygen ions Oy . In turn, in the right graph, a single typical C surface bond at the binding en-
ergy 285.8 eV associated with the carbon hydroxyl group C-OH one can observed. The pres-
ence of these components is very important for photocatalysis, because the surface oxygen
ions O, can take part in the oxidation of adsorbed surface species [44] and surface oxygen
hydroxyl groups OH" could catch holes to form OH radicals. This can also lead to increased
molecular oxygen O, adsorption, which results in increased production of superoxide ions Oy~

through the reduction by photogenerated electrons [45].



What is crucial, the interesting changes in the oxygen and carbon surface bondings are
observed after photocatalysis, which was confirmed by the variation of respective XPS spec-
tral lines shown in Fig. 6.10. As it was already mentioned, the specific oxygen ion form is
observed after the photocatalysis, although the oxygen of carboxyl functional groups O-C=0
replaces the surface hydroxyl groups OH-, observed before photocatalysis, at the binding en-
ergy of 534.1 eV.
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Fig. 6.10. XPS spectral lines of O1s (left side) and C1s (right side) of the nanostructured ZnO thin film
after the photocatalytic experiments obtained after Gauss fitting deconvolution procedure [41].

One can observed that for the case of surface C bonds, the C-OH carbon hydroxyl
groups, which were present earlier, after photocatalysis can be associated with carbonyl C=0
functional groups with a binding energy of 287.2 eV, as shown in Fig. 6.10. (right side). This
may suggest that carbonyl and carboxyl groups originate from by-products of photocatalytic
degradation of MB [44]. The presence of adsorbed species may cause the appearance of
a specific barrier to the intra-particle diffusion of contaminant molecules on the surface of
nanostructured porous ZnO thin film, which may result in a decrease in photocatalytic activity

in subsequent cycles. Moreover, the morphology of the sample did not change in overall,

which is in contrary to the behavior of ZnO nanowires [46,47], nanorods [48-50] and hierar-

chical ZnO nanostructures [45,51-54].

At this point it should be added that the detailed analysis of the photocatalytic pro-
cesses at the surface of nanostructured ZnO thin films within the own experiments is present-

ed in one of next chapter.



What is also crucial, the above described own XPS results have already been pub-

lished in one of author’s paper [41].

6.2. VPD ZnO nanowires

As was mentioned above, in this chapter most significant experimental results on
the characterization of surface properties of the VPD ZnO nanowires were described, with
a special emphasis on their crystallinity and morphology, together with their surface chemis-

try including purity, non-stoichiometry, and the specific surface bondings.

6.3.1. Crystallinity and surface morphology

As before, for nanostructured DC RMS ZnO thin films, at the first stage a crystallinity
and surface morphology of VPD ZnO nanowires deposited at the Ag-covered Si(100) sub-
strate have been studied. However, for these samples the HR SEM method has been used.

Fig. 6.11. shows the SEM images for the VPD ZnO nanowires achieved at two different mag-

nification levels (analytical area).
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Fig. 6.11. SEM images of VPD ZnO nanowires deposited at the Ag-covered Si(100) substrate at two
different magnification levels, and related lateral resolution [21].
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One can observe from the images in Fig. 6.11, that Ag-covered Si substrate is almost
completely covered by ZnO nanowires (nanoribbons). However, also a small Ag metallic
nanograins are observed, which contributes the growth process of ZnO NWs nuclei.

By zooming in more deeply, it is possible to perform the detailed analysis of surface
morphology of this sample. It is evident that the ZnO nanowires are mostly isolated and irreg-
ular, with varying lengths exceeding one um and varying in diameter (in the range of 10 + 50
nm). This fact is extremely important, when using this object as the gas sensor material since
the gas sensor effect appears in the surface space-charge region of ZnO corresponding to

the Debye length, which is of the order of several nm.

6.2.2. Surface chemistry including contaminations

As before for the case of nanostructured ZnO this films, for determination of the sur-
face chemistry of VPD ZnO nanowires deposited on Ag-coated Si substrates, the XPS method
has been applied, in combination with the TDS method, respectively.

As before, the survey spectra were obtained before and after the TPD process. However,
for the reason explained above, for the deeper analysis of relative concentration of main spe-
cific elements, the XPS survey spectra at the limited binding energy (BE) range (0 + 600 eV)

presented in Fig. 6.12. have been taken into account.
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Fig. 6.12. XPS survey spectra of the VPD ZnO nanowires deposited at the Ag-covered Si(100)
substrate before (black) and after (red) TPD process [21].



Apart from typical above mentioned Auger Zn LMM and O KLL electron lines (unla-
beled - omitted), one can identify the contribution of main XPS Zn2p, Ols, Zn3s, Zn3p
and Zn3d spectral lines, corresponding to the main ZnO elements. Additional, also in this case
of samples, it was noticed distinct contribution of undesirable carbon contamination at the
surface — visible as XPS C1s peaks at binding energy around 286.0 eV.

As before, using the above mentioned data analysis, the relative concentrations of
basic elements with respect to all atoms appearing at the ZnO nanowires surface have been
determined based on the relative intensities (heights) of the XPS Zn2ps/,, O1s, and C1s spec-
tral lines core levels and properly, recently used specific ASF values and additionally correct-
ed for the T(E) of the CHA PHOIBOS 100 energy analyzer. The obtained results are summa-
rized in Table 6.3.

Table 6.3. The relative concentrations of the main elements at the surface of VPD ZnO nanowires
deposited on Ag-covered Si(100) substrate before and after TPD process [21].

Relative concentration of the main specific elements
Zn0 NWs [0]/ [Znl/ [Cy/
([Zn]+[O]+[C]) ([Zn]+[O]+[C]) ([Zn]+[O]+[C])
before TPD 0.35 0.32 0.33
after TPD 0.37 0.58 0.05

Based on the obtained results, it can be concluded that before the TPD process,
the relative concentrations of main elements at the surface of ZnO nanowires are quite similar
(around 0.33). What is even more important the ZnO nanowires exhibits almost stoichio-
metric form. This information is expected and important, in aspects for their potential appli-
cation as the gas sensors material, since it is well known that hydrocarbon contaminations are
common observed at the surface of such samples exposed to air, similarly to the nanostruc-
tured ZnO thin films, during sample transport and handling. However, as discussed earlier,
the presence of undesirable C impurities can create a barrier to the gas interaction a the specif-
ic surface places, where such potential interaction of adsorbing gases can be expected.



What is crucial, after the TPD process, the relative concentration of main elements
at the surface of ZnO nanowires has evidently changed. The most important, which is imme-
diately apparent, is that after the TPD process, the amount of undesirable C contaminants
drastically decreased, which was confirmed by the fact that XPS C1s signal reached the level
of noise, in contrary to the relative concentration of O with respect to all the surface atoms,
which has also strongly changed and reached a value very far from the natural stoichiometry.
Perhaps this is due to the existence of specific bond forms on the surface. Therefore, a further
more detailed analysis of the evolution of the XPS lines of Zn2p, O1s and C1s has been per-
formed.

At the beginning the XPS Zn2p double lines of the VPD ZnO nanowires before

and after the TPD process have been registered, as shown in Fig. 6.13.
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Fig. 6.13. The evolution of XPS Zn2p core level lines for the VPD ZnO nanowires before (black) and
after (red) TPD process, respectively [21].

As can be observed in Fig. 6.13., for both cases (before and after TPD process) two
components of the XPS Zn2p spectral lines appeared, i.e. a first one at a binding energy of
~1045 eV, which can be attributed to Zn2p,,, component, and the second one at binding ener-
gy of ~1022 eV, which is characteristic for the Zn2ps, component due to the spin orbital
splitting effect. What is important an interval between them is at the level of 23 eV, what

agrees with the data in the available literature [55-57]. It means that probably Zn surface

atoms are mainly present as Zn** cations, which corresponds to Zn atoms in the ZnO lattice



[55]. However, it can be noticed that the XPS line Zn2psy; is slightly asymmetric. This is why
an additional further analysis of this component was performed using the deconvolution pro-

cedure, and the obtained results are presented in Fig. 6.14.
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Fig. 6.14. XPS Zn2p3, lines for the VPD ZnO nanowires before (lower) and after (upper) TPD process
respectively, after Gauss fitting deconvolution procedure [21].

As can be noticed in Fig. 6.14. in both cases after the deconvolution procedure the
XPS Zn2ps, spectral contains two components, located at binding energy ~1022 eV
and ~1024 eV, respectively, with a very high degree of matching (RMS = 0.995).

A first one being higher in amplitude is related to Zn®** cations in the ZnO lattice,
whereas a second one corresponds to the zinc hydroxide Zn(OH), species [40,43], which
could be related to the exposure of sample to natural humidity conditions, also observed for

ZnO nanoparticles by Guo et al. [58] or for ZnO thin films by Armelao et al. [59].



It should be underlined at this point, what is extremely important, that a specific
Zn(OH), surface bonds at the surface of ZnO nanowires was observed both before and after
TPD process. It was also visible in the XPS O1s spectral lines, shown in Fig. 6.15. for the

VPD ZnO nanowires before and after TPD process.
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Fig. 6.15. The evolution of XPS O1s core level spectral lines before (black) and after (red) TPD
process, respectively [21].

As can be noticed in Fig. 6.15., the XPS O1s lines in both cases show a clear asym-
metry with two main parts, which can be directly connected to the potential existence of vari-
ous forms of oxygen bonds on the surface of VPD ZnO nanowires under investigation.

As before, in order to verify their details, the deconvolution of XPS O1s lines was per-
formed using the Gauss fitting procedure, and the obtained results are shown in Fig. 6.16.

As can be seen from Fig. 6.16., the XPS O1s line before the TPD process contains
four components clearly visible at successive binding energies of 533.9 eV and 534.6 eV,
respectively.

A first one at binding energy of ~ 531.2 eV can only be attributed to the presence of
partially reduced ZnO, such as ZnOy, directly related to the existence of O, ions caused by
oxygen deficiency in the ZnO matrix. Its binding energy has the value about 1 eV higher then
normally occurring, what is very significant information, and already is also found in availa-
ble literature [60,61]. The appearance of defects such as oxygen vacancies and zinc intersti-

tials is related to the fact that oxygen-poor regions appear at the surface of our ZnO nan-



owires, strongly related to their non-stoichiometry. This affects the electrical conductivity,

particularly in quasi-single ZnO nanowires with a large surface-to-volume ratio.
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Fig. 6.16. The XPS O1s spectral lines for the ZnO nanowires before (lower) and after (upper) TPD
process, respectively, after the Gauss fitting deconvolution procedure [21].

A second one at binding energy of ~532.8 eV, of significantly lower intensity, can be
attributed to the presence of loosely bound oxygen at the surface of ZnO nanowires to certain
species, such as adsorbed water vapour H,O or hydroxyl groups, as can also be found in the
available literature [59].

A third one at binding energy of ~533.9 eV, higher than the second one, can be as-
cribed to the additional carbon dioxide O-C=0 surface bonds, that can appear at the surface of
our ZnO nanowires, whereas a fourth one at binding energy of ~534.6 eV, broad but lowest,



can be attributed to the COOH carboxylic acid groups adsorbed at the surface of our ZnO
nanowires.

In turn, after the TPD process, as can also be seen in Fig.6.17, also only three afore-
mentioned XPS O1s spectral line components are clearly visible, at the binding energy of
~531.2 eV, ~532.8 eV and ~534.6 eV, respectively.

What is crucial, a component which was recently attributed to the adventitious carbon
dioxide O-C=0 (BE ~533.9 eV) disappeared, what can be associated with the desorption of C
contaminants from the surface of our ZnO nanowires in the form of gaseous carbon dioxide
CO, also causing an increase in the relative intensity of component related to the loosely
bound oxygen in adsorbed hydroxyl groups.

The obtained results described above related to the specific behavior of XPS O1s spec-
tral line are in good correlation with the behaviour of XPS C1s spectral lines.

Fig. 6.17. shows the subsequent evolution of XPS C1s spectral lines before and after

TPD process.
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Fig. 6.17. The evolution of XPS C1s core level lines of the ZnO nanowires before (black) and after
(red) TPD process, respectively [21].

It has already been repeatedly mentioned that the amount of C pollutants after the TPD
process rapidly decreased. As opposed to the XPS Ol1s line, the XPS C1s line shows only
a slight asymmetry before the TPD process, which is certainly related to the existence of se-
lected forms of C surface bonds. It was possible to identify them using Gauss fitting deconvo-

lution, presented in the Fig. 6.18.
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Fig. 6.18. XPS C1s spectral lines of the ZnO nanowires NWs before TPD process [21].

Based on the detailed analysis, it was found that the line fitting parameter was also
very high (RMS ~ 0.98) and the XPS C1s spectral line consists of three components at bind-
ing energies of 286.1 eV, 287.8 eV, and 288.8 eV, respectively.

A first of the mentioned peaks can be assigned exclusively to C-O bonds, like C-OH,
which are commonly seen at the surface of various forms of oxides [62]. This corresponds to
the hydroxyl groups adsorbed on the sample surface also recognized in the XPS O1s line.

The two remaining components can be assigned to the different bond forms of carbon
oxides bonds, such as C=0 and O=C-O. Because after the TPD process the ratio signal-to-
noise ratio was at the level of 3, the deconvolution procedure would be questionable. It is cer-
tain that only the main peak located at binding energy of 286.1 eV would be visible. As it is
connected to the C-OH bonds, it may strongly influence on the local surface chemistry of
ZnO nanowires, which is important for further implications for potential sensor applications.

As was mentioned earlier, at the next stage of our experiments the TDS experiment on
VPD ZnO nanowires have been performed. Fig. 6.19. shows the TDS spectra of the major
residual gases desorbed from the VPD ZnO nanowires after exposure to air, additionally cor-

rected for the probability of ionization of the studied gases detected during the experiments.
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Fig. 6.19. TDS spectra of main residual gases desorbed from ZnO nanowires exposed to air [21].

Based on the analysis of obtained TDS results it was noticed, that during TPD process
mainly molecular hydrogen H, was desorbed with the highest relative partial pressure of 10°°
+ 107" mbar. The H, desorption has already started below 100°C and characterized by almost
flat trend in the range 150 + 350 °C, what is probably caused by high crystallinity of the ZnO
nanowires. As far as it is known, such case never occurred in the available literature.

In turn, for the case of molecular oxygen O,, only small amount desorbed from the
sample at the relative pressure of ~ 10 mbar, starting below 100 °C and having the highest
value (maximum) at ~165 °C. This may indicate that O, remaining in the air atmosphere is
only physically adsorbed at the surface of ZnO nanowires. Nevertheless, the relative concen-
tration [O]/[Zn] after the TPD process only slightly decreased.

As water vapour H,O and carbon dioxide CO; are the main gases playing a role in gas
sensing effects, their evaluation is particularly important. Similarly as in previous compo-
nents, water vapour started to desorb below 100 °C, in the partial pressure range of 10° + 10~
mbar and has the oscillating tendency with local maxima at 170 °C, 250 °C and 320 °C, re-
spectively, what is characteristic for the presence of various forms of hydroxyl groups at

the surface of ZnO nanowires. For the CO, desorption effect it has also begun below ~100 °C,



with the similar partial pressure as for the case of H,O and has almost constant tendency in
the range of 150 + 350 °C.

Taking into account all the above mentioned information it should be underlined that
there are quite good correlations between TDS and XPS experimental results because the de-
sorption of residual gases like H,O and CO, corresponds to the fluctuation of relative concen-
tration of main elements at the surface of ZnO nanowires, related to the at least complete re-
moval of C contamination.

What is crucial, by removing the impurities, the ZnO nanowires surface has become
more non-stoichiometric, which has a great influence on potential detection process of ad-
sorption of oxidized gases at the surface of ZnO nanowires, as has been pointed many times
above.

Furthermore, by applying the TDS procedure, based on the thermal heating, it was
possible to remove almost all of the C impurities, what is a very important finding that can
lead to improvements in sensitivity of chemoresistive (conductometric) gas sensors based on
ZnO nanowires, as well as their long response/recovery times, respectively, being still a key
problem and a limitation of the commonly applied of various forms of the low dimensional
Zn0O nanostructures.

As before, what is also crucial, the above described own XPS and TDS results have al-
ready been published in one of author’s paper [21].

What is more, this type of ZnO nanowires have also been used within this work for
further experiments on the gas sensor detection of nitrogen dioxide NO, using the own gas
sensor device based on the surface photovoltage (SPV) effect, what was precisely described in
Chapter 8.



_________________________________________________________________________________________________________________________

Chapter 7.
Application of nanostructured ZnO thin films
i In photocatalysis and water purification

As it was already mentioned above in this thesis, the selected ZnO nanostructures has
found wide application in different fields. The first one, i.e. the nanostructures ZnO thin films,
have been used in our studies on photocatalysis combined with the purification of water con-

taminated with organic compounds, what was in details described in this chapter.

7.1. Fundamentals of photocatalytic (PC) effect

Photocatalysis is a process, belonging to the catalysis area, in which under the influ-
ence of light irradiation the specific chemical reaction is improved and accelerated in
the presence of a photocatalysts.

In general, there could be distinguished different types of photocatalysis. Mainly,
it can be divided into homogeneous and heterogeneous one.

In the first case reactant and photocatalyst are in the same phase. Normally,
the photocatalyst is dissolved in the test solution. The second group, by analogy, contains
ingredients that are in a different phases.

In each of the above mentioned types, it is possible to additionally distinguish differ-
ent kinds of chemical reactions that may occur, mainly due to the materials used and the reac-
tion environment.

In this work, the aforementioned heterogeneous method was used to check the
photocatalytic activity of the low dimensional ZnO nanostructures under ultraviolet (UV)
light by analysis of degradation of methylene blue (MB) in aqueous solution. Additionally,

the reusability of this tested ZnO nanostructures was investigated.

In general, the photocatalysis is an advanced oxidation process (AOP), that is based on
the formation of the very high rate constants OHe radicals, which then take part in a series of
reactions. The whole process occurs with the presence of photocatalyst, which absorbs
the light. Fig. 7.1. schematically shows the mechanism of photocatalysis with ZnO particle in
the presence of pollutant (P).

.
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Fig. 7.1. Simplified scheme of photocatalytic mechanism by using ZnO as photocatalitic material.

For the adsorption it is desirable to take the materials, which have the great active sur-
face area and the high porosity. What concerns the semiconductors, unlike the metals, they
are characterized by possessing the band gap - the void energy region with no energy states,
what is directly described as the difference between the top of valence band (VB) and the bot-
tom of conduction band (CB), respectively.

When the photon having energy greater or equal to the band gap value after its absorp-
tion, the respected excitation effect occurs, what is related to the so-called generation (crea-
tion) of electron-hole pair, because electron is excited from the VB to the CB, what directly
induces in the VB the creation of a positive hole.

The reaction of photoexcitation with the presence of ZnO as photocatalytic material
can be written as (7.1, 7.2, 7.3):

hv _ +
Zn0 - ZnO(e” +h") (7.1)
e~ +0,—- 05~ (reduction) (7.2)
h" +0OH™ - OH* (oxidation) (7.3)

After that, at the surface of semiconductor, electrons react with the oxidizers, whereas the
holes with reducers, respectively. This leads to reduced products and oxidized products.
It is so-called mineralization - transformation (degradation process) of organic pollutants into
carbon dioxide CO,, water and other innocuous inorganic by-products. Those two processes
of degradation can be described by following formulas (7.4, 7.5):



RH+ OH® —» R*+ H,0 (photodegradation)  (7.4)
W +R - R*  (degradation) (7.5)

7.2. Methodology of photocatalytic (PC) studies

For the photocatalytic experiments the following main components are contained:
suitable photoreactor setup with light source, which is kept in a dark conditions, magnetic
stirrer, laboratory glassware, spectrophotometric equipment and a solution with a specific dye.
The basic components of simplified experimental setup of photocatalysis technique in shown
in Fig. 7.2. below.
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\ 4 4 4 4
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Fig. 7.2. A simplified scheme of the photocatalytic experimental setup.

At the beginning (at the first step), the proper solution with a dye has to be prepared.
In that case, as it was already mentioned, methylene blue (MB) dissolved in distilled water

had been chosen.

MB is an organic chemical compound, which consists of dark green crystals or crystalline
powder, used in different fields e.g. in medicine as an antibacterial product, for cyanide and
chad poisoning, to lower the levels of methemoglobin, in veterinary for various diseases oc-
curring in animals, mainly fishes or as an indicator. The chemical structure of MB is present-
ed in Fig. 7.3.

Fig. 7.3. Chemical structure of methylene blue (MB).



It should be noticed at this point, that MB dissolved in water or alcohol takes on deep
blue color and cannot be easily removed, what may cause pollution of environment [63,64].

Next, (at the second step), the sample is placed on a special bridge, created from gold,
inside the solution and put on magnetic stirrer. Before the whole setup is localized in
photoreactor under UV light, the baker is left in the dark conditions for 30 min. This is for
reaching the adsorption equilibration of MB at the surface of ZnO thin films. In a properly
selected time intervals, a sample is taken from the solution into rectangular quartz cuvette,

and then checked by means of double beam UV-Vis spectrophotometer, as shown in Fig. 7.4.
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Fig. 7.4. Idea (scheme) of UV-Vis spectrophotometer used in photocatalytic experiments.

In general, in the above mentioned spectrophotometer consists of light sources related
to the ultraviolet (UV), visible (Vis) and near infra-red (N-IR) regions, corresponding to the
range of wavelength of 200 + 800 nm, and the following two lamps - deuterium and tungsten
or halogen one, respectively, are usually used. By the diffraction grating, light is split into the
several beams, which are moving in different directions. Only those, which have very narrow
range, can go through the slit. At the next step the rotating disc is hit, which consists of three
parts. Depends on which of them is affected, there could be distinguished various sections:

e transparent - the light beam goes straight through the sample cell. Then it is reflected
through a mirror to the mirrored part of the second rotating disc, from where it is
directed to the detector,



e mirrored - the beam is reflected in the next mirror, from where it goes towards the ref-
erence cell. It then reaches the other rotating disc and from there it goes to detector,

e Dblack - the light is blocked for a while.

What is crucial, in the detector, a light is converted into the current. Based on that, the
intensity of each wavelength is measured and then the absorbance A can be calculated using
the formula (7.6):

A=logi?, (7.6)
where:
lp - intensity of light passing through reference cell,

| - intensity of light passing through sample cell;

The respective measurements of concentration carried out by this equipment, based on
the Beer-Lambert Law as (7.7),
A=¢e-l-¢c, (1.7)
where:
¢ - molar absorption coefficient,
| - optical path length,
¢ - molar concentration;

allows to achieve the respective absorbance spectra for material under investigation.
Abilities

Photocatalysis, usually combined with photolysis) found very wide application in dif-
ferent fields. However, in that case the experiments were focused in one of the most important
for human health or even life - water pollution. It is one of the biggest problem nowadays,
which has also a major impact on the future. This can be defined as a change in the physical,
biological or chemical properties of water, resulting in harmful consequences for living or-

ganisms. In order to reduce the pollution process, various methods can be used, such as

photocatalysis, based also on the semiconductor nanostructures.



Advantages

As it was also already stated in subchapter 2.4, where potential application of various

nanomaterials and nanostructures were presented, there could be distinguished many ad-

vantages of photocatalysis, especially, as in presented case, with usage of immobilized

nanomaterials. Below, there are listened the main positive aspects:

no preparation process e.g. mixing and dissolving is needed,

disposal of persistent organic compounds or microorganisms,

almost no mass transfer limitations,

no appearance of secondary pollution,

easy removal of photocatalyst - no need for filtration or special separation,
relatively low costs,

possibility of recovery and reuse of the nanomaterials.

Limitations

The basic limitation of photocatalysis technique are summarized and listened below:
wide band-gap of the photocatalyst is unfavorable,

high recombination rate of electron-hole pairs,

low efficiency of sunlight utilization,

in the case of homogeneous reactions, it is difficult to separate photocatalyst from the
solution and re-use is not possible in many cases,

inefficient use of visible light, low adsorption capacity of hydrophobic pollutants,

even distribution in the water suspension [65].



7.3. Photocatalytic (PC) experiments
7.3.1. Experimental apparatus

The photocatalytic experiments, combined with the photolysis, were performed during
my internship at the Technical University in Dresden (Germany).

The MB solution, respectively without and with sample, was irradiated by means of 5
UV lamps (Philips, TL 8W BLB 1FM/10X25CC, Aemmax = 365 nm) with a measured irradi-

ance at the level of ~ 1.86 mW/cm? at the surface of a sample.

During the experiments, the beaker with solution was put on magnetic stirrer.
On a golden wire support, resembling a bridge, the nanostructured ZnO thin film sample hori-
zontally was placed in such a way that it was always submerged in the dye solution. For the
observation of the changes in the UV-Vis absorption spectrum of the irradiated solutions over
time, spectrophotometric measurements by making use of a Cary 100 UV-Vis Spectropho-
tometer (Agilent, CA, USA) were carried out. At precisely selected time intervals, 1 ml ali-
quots were withdrawn and controlled in aforementioned apparatus. The experimental setup is

presented in Fig. 7.5. and Fig. 7.6.

Fig. 7.5. Photolysis and photocatalysis experimental setup - Chair of Material Science and
Nanotechnology, Technical University in Dresden, Germany.



Fig. 7.6. Workstation with UV-Vis Spectrometer, Chair of Material Science and Nanotechnology,
Technical University in Dresden, Germany.

What is crucial, before the specific photocatalytic experiments, the nanostructured
ZnO thin films mentioned above submerged in the solution was put for 30 min in the dark
conditions. The dark absorption goal is to reach the adsorption-desorption equilibrium and in
our case when using the nanostructured ZnO thin film it resulted in ~10% over 4 cycles.

At the next step, before the specific photocatalytic experiments, the photolysis studies
have been performed, for certainty that MB does not degrade under the exposure to UV light.
As supposed, after specified period of time, the amount of a dye was almost identical as at the
beginning.

Only after the above mentioned photolysis process, the specific photocatalytic experi-
ments have been performed using the 60 ml aqueous solution (pH = 6.8) of the methylene
blue (MB) dye with 0.3 mg/L concentration was used in the sequential time moment: O (be-
fore the irradiation) and after 5, 10, 20, 30, 50, 70, 90, 120, 150, 180, 210, 240, 270, 300, 330,
360, 390, 420, 450, 480, 510, 540 min, and 1 ml of aliquots were withdrawn and measured
using UV-Vis Spectrometer. Then, after each specific experiments were completed, our sam-

ples were carefully cleaned with ultrapure water and dried with the compressed air.
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7.3.2. Results on photocatalytic studies and their discussion

As was mentioned above, the photocatalysis experiments have been used mainly to
check the photocatalytic activity of the low dimensional nanostructured ZnO thin films under
ultraviolet (UV) light by analysis of degradation of methylene blue (MB) in aqueous solution.
Moreover, the reusability of the above mentioned ZnO nanostructures was investigated.

In the Fig. 7.7. there is presented the UV-Vis spectrum of MB after 4™ cycle of exper-
iments with the same ZnO sample.
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Fig. 7.7. Temporal evolution of the UV-Vis spectrum of MB under UV irradiation after 4™ cycle of
experiments using the nanostructured ZnO thin film as photocatalytic material [41].

For the calculation of degree of degradation well-known formula was used (7.8):

Degree ofdegradation (%) = % 100, (7.8)
0
where ¢, is the MB concentration att = 0, and ¢; - the MB concentration at irradiation time t.

By analyzing the graphs (spectra) shown above, especially the absorption band cen-
tered at 663 nm (what is characteristic for MB), it can be seen that degradation of MB dye has
occurred and achieved of ~64 % after 540 min.

Since the photolysis process caused practically no change and could be neglected (as
confirmed by the respective variation of MB concentration shown in Fig. 7.8., it can be con-

cluded that our nanostructured ZnO thin films were responsible for entire MB degradation.
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Fig. 7.8. Comparison of the variation of MB concentration over time during photocatalysis
and photolysis [41].

As it was already underlined, to verify the reusability of our samples,
the photocatalytic experiments were repeated four times. Each time, after every cycle,
the sample was carefully washed and dried.

In addition, based on the degradation curves from Fig. 7.8., the kinetics of
photocatalytic degradation with the usage of nanostructured ZnQO thin film were evaluated.

For the fitting of obtained data, by using the following equation was used (7.9):

\/ct= co— k-t (7.9

where c¢; is MB molar concentration at time t, ¢ - MB molar concentration at t = 0

and k - the zero-order kinetic constant in mol-L™*-min™.

On the base of obtained fitted data it could be noticed, that the photocatalytic MB deg-
radation at the surface of our nanostructured ZnO thin films one can conclude, that it can be
interpreted on the base of pseudo-zero-order kinetic model, which is defined as ,,surface-
reaction limited process because in our case, adsorption equilibrium was relatively fast and
surface reactions were relatively slow.

Afterwards, the photocatalytic reaction rate constant for the all cycles was evaluated,

what was summarized in Table 7.1.



Table 7.1. Photocatalytic rate constant values calculated for 4 cycles of 0.3 mg/L MB solution with
usage of nanostructured ZnO thin films [41].

Cycle number 1%t 2" 3" 4t

k [mol-L ™ min™] 1.54-10°° 1.60-10°° 0.77-107 0.78:107

According to the above mentioned behaviour it could be concluded, that the surface of
the nanostructured ZnO thin films was saturated with MB molecules and chemical reactions,
which take place on the surface, determine its rate [66].

However, what is crucial, it is difficult to analyze our data in comparison to those in
the available literature, as the experiments with such kind of sample are quite novel, and it is
hard to find the work, which is characterized by similar conditions, operational parameters,
etc. Nevertheless, the obtained values of kinetic constants of the pseudo-first order model
based on the fitting of obtained experimental data are consistent with those found in the avail-
able literature (10 min™).

What is also crucial, after four cycles with the same sample it could be observed, that
the rate constant decreased by 50%. It can be explained by decrease of the free active sites
occupied by unreacted MB and/or by the degradation products or by changes in morphology
of the sample. That is why the detailed analysis of surface morphology and chemistry, pre-
sented in subchapter 6.2., was performed, as crucial for the interpretation of photocatalytic
data.

In Appendix A (Fig. A.1., Fig. A.2. and Fig. A.3.), as a supplementary material, partial results
for the remaining studies of the first, second and third cycles are reported. In the presented
graphs it can be seen that degradation occurs despite the same material being used several

times, and what is more, the level does not change much.



_________________________________________________________________________________________________________________________

Chapter 8.
Application of ZnO nanowires as material electrode
f in SPV gas sensor device

As it was already mentioned above in this thesis, the selected ZnO nanostructures has
found wide application in different fields. The second one, i.e. the VPD ZnO nanowires have
been used in our studies of gas sensing properties as the active electrode in our novel type gas
sensor device based on the surface photovoltage effect (SPV) in the nitrogen dioxide NO,

toxic gas atmosphere, what was in details described in this chapter.

8.1. Fundamentals of surface photovoltage (SPV) effect

In general, the surface photovoltage (SPV) effect appears as a result of variation of the
surface potential barrier (band bending) at the semiconductor surface upon illumination of
semiconductor surface by the photons of energy equal or higher than band gap Eyg, and the
separation of subsequently generated electron-holes pairs and their redistribution within
the space charge region (SCR) at the semiconductor surface and related variation of the band
bending e-V, [67], what can be directly measured as the additional variation of the contact
potential difference (CPD) between the semiconductor surface and the reference metallic
electrode. Both effects are schematically shown in Fig. 8.1.
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Fig. 8.1. General idea of contact potential difference (CPD) effect and the generation of surface
photovoltage (SPV) effect at semiconductor surface after its illumination by photons of specific
energy above the band gap.
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8.2. Methodology of using of SPV effect in gas sensing studies

There are several methods of measuring the SPV effect as the results of variation of
CPD at the semiconductor surface after illumination. However, the most common is based on
the reverse Kelvin probe containing the capacitor with active electrode as well as the refer-
ence grid electrode on the specific vibrating cantilever after piezoelectric driving by using AC
voltage generator. For the gas sensing studies a role of active electrode is playing by the ac-

tive semiconductor gas sensor material, as shown schematically in Fig. 8.2.
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Fig. 8.2. Idea and simplified scheme of the reverse Kelvin probe for the SPV effect using in gas
sesning studies.

Abilities

The basic analytical information that can be obtained with SPVV method (approach) in
the gas sensing studies are available in the forms of specific data — the time dependent gas
sensor response/recovery dependences (curves) related to the variation of the band bending

e-V; at the surface of active semiconductor material electrode after its exposure to the specif-

ic gas atmosphere, and after its regeneration in the synthetic dry air.

Advantages

The main advantages of SPV method in gas sensing studies are related to the fact that
it is the nondestructive method of outstanding surface sensitivity already at room temperature
(RT), what is impossible for the typical resistive type MOX gas sensors, together with high
versatility, i.e. the measurements can be performed in various media, especially in the various

atmospheres including the specific various gases including toxic gases like NO..



Limitations

There is no evident limitation in using of SPV effect in gas sensing studies if the SPV
signal is commonly measured using the lock-in detection unit, for which the amplitude of

variation of SPV signal is at the level of single mV.

8.3. SPV gas sensing experiments

8.3.1. Experimental apparatus and measuring methodology

As was mentioned above, in studies of gas sensing properties of ZnO nanowires an own,
original SPV gas sensor device lately elaborated in the laboratory in Department of Cybernet-
ics, Nanotechnology and Data Processing, Silesian University of Technology, Gliwice, Po-
land, was used [58]. In general, it consists of three main parts, i.e., the SPV gas sensor detec-
tion system combined with microcontroller processing system and additionally equipped with
gas flow system, what as schematically shown in Fig. 8.3.
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Fig. 8.3. General scheme of the gas sensor device based on the SPV effect [68].

The elaborated SPV gas detection system is based on the reverse Kelvin probe flat
type vibrating capacitor system. The capacitor subsystem consists of our ZnO nanowires
as a flat gas sensor material playing the role of active electrode, combined with the reference
flat Cu metallic grid-type electrode on specific vibrating cantilever after piezoelectric driving
using AC voltage generator controlled via the specific, own software.



The alternating SPV signal is measured as the variation of work function of the gas
sensor material (with respect to the vibrating reference Cu electrode) as the result of variation
of its surface band bending after UV illumination. For this purpose a UV5-400-30 type LED
diode (Bivar Company) was used.

For the measuring of variation of SPV signal in the specific gas atmospheres and the
data acquisition the microcontroller processing system is used containing the data processing
control unit working with, among others, 1/V photocurrent converter (amplifier), the respec-
tive DAC and ADC converters, and finally the zero self-compensating lock-in amplifier for
the reverse Kelvin probe flat vibrating capacitor system. Moreover, microcontroller pro-
cessing system is equipped with USB to UART converter for laptop connection, enabling the
use of our SPV gas sensor system as a mobile device.

As was mentioned above, our SPV gas sensor device is equipped with the gas flow
system containing the cylinders of selected toxic gases, including nitrogen dioxide NO,, being
a main toxic gas which has been used in our SPV experiments. Basing on our idea and own
designed it was constructed by the MEDSON Company (Paczkowo, Poland). This gas flow
dosing system for SPV gas sensing measurements is based on mass flow controllers (MFC) -
Brooks SLA5850 model (Brooks Instruments, Hatfek, PA, USA). The generation of gas mix-
tures with a proper relative concentration of NO, in dry synthetic air is possible thanks to
the mass flow regulators (MFR) - Brooks SLA5820 model (Brooks Instrument, Hatfek, PA,
USA). The pressure regulator allows additionally to stabilize pressure in the measuring sys-
tem in penultimate step of the process and venting of the excess of produced gas mixture via
the additional toxic gas washing bottles (to avoid any undesired escape of NO, toxic gas mix-
ture to the surrounding atmosphere). A precise control of the regulators is possible using the
specific software MedsonFC.

What is crucial our SPV gas sensor device was more precisely described in in our

group' previous publications [68,69]. Its photo is shown in Fig. 8.4.



Fig. 8.4. SPV gas sensor device at the Department of Cybernetics, Nanotechnology and Data
Processing, Silesian University of Technology, Gliwice, Poland.

8.3.2. Results of SPV gas sensing studies and their discussion

As was mentioned above, the gas sensing experiments based on the own, original SPV
gas sensor device has been mainly used to check the sensing characteristics of the ZnO nan-
owires in the one of most toxic gas like nitrogen dioxide (NO), as it is considered as on
the major environmental pollutants caused by industrial development.

What is crucial, already the concentration of NO, equal to ~20 ppm is very dangerous
to health or even life. Moreover, American Industrial Hygiene Association (AIHA) reports,
that the emergency concentration limits are 35 ppm for 5 min and 10 ppm for 60 min of expo-
sure [70]. Even concentrations greater than 1 ppm can lead to serious diseases or exacerbate
existing respiratory or cardiovascular systems [71]. Therefore it is very important to detect
the NO, gas in the lowest possible concentration in the surrounding environment.

What is crucial, having an experience in our previous above mentioned SPV gas sens-
ing studies of the nanostructured ZnO porous thin films [68,69] these gas sensing measure-
ments of ZnO nanowires were carried out at the total gas flow rate of 18 mL/min and the rela-

tive concentration of NO, in synthetic air in the range of 0.1 + 1 ppm.



Fig. 8.5. shows the time dependent variation of amplitude of the surface photovoltage
(SPV) signal - the response (gas on) and recovery (gas out) parts, respectively - of ZnO nan-

owires after exposure to sequential relative concentration of NO, in synthetic air at RT.
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Fig. 8.5. Variation of amplitude of surface photovoltage (SPV) signal for the ZnO nanowires after

their exposure to sequential relative concentration of NO, in synthetic air. Green areas on the graph
indicate the time interval during which a spike in NO, concentration occurred [72].

As it can be visible in Fig. 8.5., the decreasing of relative NO, concentration in syn-
thetic air results in the lowering SPV signal amplitude, up to reaching the certain extent
the saturation effect (stable value of ASPV - the slope reached nearly horizontal level). What
is crucial, in our studies we took into account that the International Union of Pure and Ap-
plied Chemistry, recommends that for a measurement to be reliable, the signal-to-noise ratio
(S/N) must be greater than 3 [73]. After analysis of results it was verified, that this criterion
has been maintained S/N ratio achieved proper level, in every case. Therefore, for the analysis
of response at smallest amount of NO,, such a ratio was taken into account. It is determined
by an equation, which has already found its way into the literature [71,74,75] (8.1):

Eoi-»)?
DL = 3. Fnoitse — 3.N_N (8.1)

slope slope

where: rmspeise 1S the root mean square deviation between experimental data within baseline

region, yi, and values fitted using polynomial function, y, slope is the coefficient in linear



function: y=ax+Db used for fitting the gas sensor response of ASPV as a function of the gas
concentration, and N denotes the number of data points taken into account for fitting - in this
case it was equal to 10.

Firstly, based on the respective curves shown in Fig. 8.5., the variation of SPV signal
amplitude for the sequential relative concentration of NO; in synthetic air was determined,
and the obtained results are summarized in the histogram shown in Fig. 8.6.
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Fig. 8.6. Variation of the SPV amplitude for successive relative NO, gas concentrations in synthetic
air [72].

As can observed already in Fig. 8.5. and in Fig. 8.6., our SPV gas sensor device using
the ZnO nanowires as active electrode exhibits very high sensitivity because for the relative
NO, gas concentration in synthetic air at the level of 1 ppm the relative variation of SPV am-
plitude was at the level of ~130 mV (with signal-to-noise ratio (S/N) greater than 30, what
was evidently higher with respect to the above mentioned SPV gas sensing response of the
nanostructured ZnO porous thin films [68,69] in a similar relative NO, gas concentration
in synthetic air. Moreover, what is also crucial, for our ZnO nanowires, the relative variation
of SPV amplitude was at the level of ~ 34 mV for 0.1 ppm relative NO, gas concentration,
what was unattainable for the nanostructured ZnO porous thin films [68,69].

Secondly, based also on the respective curves of the variation of SPV signal shown
in Fig. 8.5., the gas sensor dynamic parameters for our ZnO nanowires in the relative NO, gas

concentration in synthetic air in the range of 1 + 0.1 ppm, like the response and recovery time



for each relative NO, concentration in synthetic air were determined, which are presented

(summarized) in Table 8.1.

Table 8.1. Basic SPV gas sensor dynamic parameters (response and recovery time, respectively) of
ZnO nanowires as gas sensor material in our SPV device for the chosen relative concentration of
NO; in synthetic air [72].

NO; relative concentration (ppm)
SPV gas sensor

dynamic parameters

1 0.5 0.35 0.25 0.1
Response time (min) ~35.8 ~40.0 ~41.7 ~43.3 ~43.3
Recovery time (min) ~63.3 ~58.3 ~51.7 ~50.0 | ~583

Based on the analysis of above mentioned gas sensor dynamics characteristics of ZnO
nanowires for various NO, gas concentrations, it was possible to notice the certain kinds of
phenomena.

What concerns the response time, with the increasing gas amount, it was decreasing,
in other words, the sensor reacted fastest with the highest concentration of NO,. The opposite
situation appeared for recovery time, it was decreasing with the decreasing gas amount, i.e.
the sensor returned to a stable, initial state in a shorter period of time with the decreasing set
quantity of gas. These conclusions and above mentioned correlation can also be observed on
the Fig. 8.5., for example, by the steeper rising slope of the graph and the longer time for the
return for higher concentrations. It should be also underlined in the case of recovery process —
the regeneration of our sensor was realized just by leaving the sample only in synthetic air,
without any additional treatments. However it should be admitted, what is also visible in the
Fig. 8.5., that it was hard to precisely determine the recovery time for the lowest NO, gas
concentration (0.1 ppm). But certainly, a very important point is that, despite such a negligible
amount of gas, we were able to detect such small amount of gas already in RT conditions,
what is not reached by commonly used resistive type gas sensors based on ZnO nanowires.

In order to be able to take a closer look at what the gas detection process looked like
and for better visibility, for example, as changes in response and recovery times occurred,
enlarged diagrams with a description of when the gas was let in and out, for extreme gas con-

centrations (1 ppm and 0.1 ppm, respectively) were presented in Fig. 8.7.
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Fig. 8.7. Detailed, magnified graphs of gas detection process based on SPV effect for extreme NO,
concentrations (0.1 and 1 ppm, respectively) [72].

As it was already mentioned and well highlighted in right graph above, for the 0.1
ppm relative NO, concentration it was not so simple to reach a saturation of SPV signal.
However, the variation of SPV amplitude is still clearly visible, which demonstrates the abil-
ity of chosen ZnO NWs to detect even such small amounts of NO, toxic gas.

In the next part of our studies, based on the respective curves shown in Fig. 8.8.,
the further analysis of variation of SPV amplitude as a function of subsequent various relative
NO, concentrations in synthetic air was done, and the adequate graph for this evaluation is

demonstrated.
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Fig. 8.8. The linear fitting of variation of SPV signal amplitude vs. relative NO, gas concentration in
synthetic air in the range of 0.1 + 1 ppm [72].



On the graph presented above, the red slope (trend line) corresponds to the coefficient
in function y = ax + b. It allowed us to notice the relationship between the independent
and depended variables, respectively. It is evident that the SPV signal amplitude variation for
various relative NO, gas concentration in the synthetic air fitted well linear regression, what
was additionally confirmed by a high value of R-squared parameter. This may suggest, that
the sensing process and detected NO, toxic gas value could be predictable for chosen ZnO

NWs in similar surrounding conditions.



_________________________________________________________________________________________________________________________

Chapter 9.
Conclusions and final remarks

As was mentioned above, the aim of this PhD thesis was to determine the surface
properties of chosen ZnO nanomaterials, related to their various chemistry and morphology,
in aspects for the their potential possible further application in environmental engineering
using the photocatalysis effect in degradation of methylene blue (MB), as well as in microe-
lectronics using the own SPV based device for toxic gas sensing like NO..

In order to verify those assumptions, different types of samples were used, in combi-
nation with the selected analytical methods for their surface properties characterization,
in aspect for the potential application, as listed above.

This is why the conclusions and final remarks have been separated for the specific

information obtained in our subsequent parts of the performed studies.

¢+ Surface properties of nanostructured ZnO thin films

As a short reminder, based on the comparative AFM, SEM and XPS studies the fol-
lowing basic own information related to their surface properties have been obtained:

> based on the AFM studies it was determined that for the various Ar/O, gas flow ratio
during the deposition of DCMS nanostructured ZnO thin films, their surface morphol-
ogy was noticeable different, and what is crucial, for the sample obtained at the gas
highest flow ratio (30:3) the high porosity was observed with the well-recognizes
grains with dimension of ~ 100 nm, unlike the smaller gas flow ratio (3:0.3),

> inturn, based on XPS studies it was confirmed that the relative concentration of main
elements: Zn and O atoms was rather similar for all of the samples, and moreover, for
all the samples mentioned above, the presence of C contaminations was detected,
probably caused by the temporary exposure of the samples to the air, however in the
case of deposition at highest gas flow ratio (Ar/O, = 30:3) it was evidently lower,

» in addition, based on independent SEM studies it was confirmed that DCMS
nanostructured ZnO thin films after the additional annealing at 700 °C exhibit the
more flat morphology, what was crucial for their potential photocatalytic application,

» finally, based on the additional XPS studies it was confirmed that surface chemistry of
above nanostructured ZnO thin films after additional annealing at 700 °C exhibit
a similar surface chemistry, without evident variation after photocatalytic experiments.

.



¢ Surface properties of ZnO nanowires

As a short reminder, based on the comparative SEM, XPS and TDS studies the follow-

ing basic own information related to their surface properties have been obtained:

» based on the SEM studies it was confirmed that the ZnO nanowires (nanoribbons) are
mostly isolated and irregular, with varying lengths exceeding one pum and varying in
diameter (in the range of 10 + 50 nm),

» in turn, based on the XPS studies, in combination with the TDS experiments, it was
determined, that the relative concentration of main elements: Zn and O atoms at the
surface of ZnO nanowires (nanoribbons) is close to the stoichiometry, moreover, it
was similar before and after TPD process, with only slightly increased Zn atoms
amount,

» finally, based on the XPS studies, in combination with the TDS experiments, it was
observed that at the surface of ZnO nanowires (nanoribbons) an additional evident
high relative concentration of the undesired C contamination and C-OH species was
observed , which have been drastically decreased after TPD process.

< Application of nanostructured ZnO thin films in photocatalysis and water purifica-

tion

As a short reminder, the nanostructured ZnO thin films have been used in
photocatalysis for the degradation of methylene blue (MB), and the following basic own in-
formation have been obtained in this matter:

» using the above mentioned nanostructured ZnO thin films as the photocatalytic mate-
rial of well-defined and controlled specific surface properties it was confirmed that
they can be very effective in the procedure of degradation of methylene blue (MB) in
the contaminated water, because after 540 min the degradation level of MB dye was
~ 64 %,

» in addition, based on the performed photocatalytic experiments, one can conclude,
that the photocatalytic MB degradation at the surface of our nanostructured ZnO thin
films can be interpreted on the base of pseudo-zero-order kinetic model, which is de-
fined as ,,surface-reaction limited* process because in our case, adsorption equilibri-
um was relatively fast and surface reactions were relatively slow.

+«» Application of ZnO nanowires in SPV gas sensor device for NO, detection

As a short reminder, the ZnO nanowires have been used in our novel, original gas sen-
sor device based on the surface photovoltage (SPV) effect for the detection of NO; toxic gas,
and the following basic own information have been obtained in this matter:

» using the above mentioned ZnO nanowires of well-defined and controlled specific sur-

face properties it was confirmed that they can be very effective as the active electrode
in the gas sensor device (system) based on the surface photovoltage (SPV) effect in



the detection of NO, toxic gas, because such system exhibits a quite good gas sensing
characteristics, including high sensitivity because the detection level (threshold) was
observed at the level of 0.1 ppm (at relative signal to noise to noise (S/N) ratio at the
level of 3), as well as the quite good dynamic characteristics (parameters) such as re-
sponse and recovery time, at the level of several minutes,

» in addition, what is crucial, in relation to the a above, it was obtained already in room
temperature conditions, what is absolutely impossible, for the commonly used resis-
tive type gas sensors, even using ZnO nanowires,

» Moreover, having in mind all the above, it should be additionaly underlined, that for
our own and original SPV gas sensor device based on the ZnO nanowires the prema-
ture ageing effect is solved, what can be treated as an important improvement in the
area of gas sensor devices for their and further new potential applications.

Finally, it can be concluded, that all the obtained novel forms of information being
a result of the realization of this Doctoral Thesis can be treated as an evident novel contribu-
tion to the State-of-the-Art related to the application of novel forms of selected low dimen-
sional ZnO nanostructures for the their potential possible further application in microelectron-

ics and related environmental engineering.
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Fig. A.1. Temporal evolution of the UV-Vis spectrum of MB (0.3 mg/L) under UV irradiation using
the nanostructured ZnO porous thin films: a) first cycle of experiments, b) variation of MB
concentration over time during photocatalytic experiments.
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Fig. A.2. Temporal evolution of the UV-Vis spectrum of MB (0.3 mg/L) under UV irradiation using
the nanostructured ZnO porous thin films: a) second cycle of experiments, b) variation of MB
concentration over time during photocatalytic experiments.
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Fig. A.3. Temporal evolution of the UV-Vis spectrum of MB (0.3mg/L) under UV irradiation using
the nanostructured ZnO porous thin films: a) third cycle of experiments, b) variation of MB
concentration over time during photocatalytic experiments.
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