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XRD a EDX. Fotovoltaickda ucinnost TiO2 byla testovana na barvivem
senzitizovaném Solarnim ¢lanku.

Klicova slova: plazmova tryska, Langmuirova sonda, nanocastice, oxid titani¢ity

Title: The investigation of low pressure HCPJ system for TiO> film deposition
Author: Mgr. Roman Perekrestov

Department / Institute: Department of Surface and Plasma Science

Supervisor of the doctoral thesis: doc. Mgr. Pavel Kudrna, Dr.

Abstract: Plasma sources are widely used for deposition of thin films for both
commercial solutions as well as for research purposes. In particular, information
about plasma parameters in such systems is of a great importance not only to ensure
reproducibility, but also for the targeted influence on properties of deposited thin
films. The aim of the dissertation was the study of plasma parameters with respect to
the growth and properties of thin films deposited by means of HCPJ sputtering
system. The investigated plasma system was plasma jet powered in DC mode. The
diagnostics of the discharge was carried out by means of a cylindrical Langmuir
probe, quadrupole mass and optical spectrometer. Neutral gas temperature in
discharge was measured by an optic-fibre thermometer. The growth of nanoparticles
in a gas phase was studied using scattering of laser beam light. For the diagnostics of
Ti/TiO2 thin films were used XPS, SEM, AFM, TEM, XRD and EDX methods. The
photovoltaic performance of TiO> thin films was tasted in dye-sensitized solar cells.

Keywords: plasma jet, Langmuir probe, nanoparticles, titanium dioxide.



Contents

Contents

CONTENTS ... 1

1. Motivation and aims of doctoral thesis ...........c.ccoeiiiiiiiiii 3

2. TREOTetiCal PAIT.........coviiiii e 6
2.2. Discharge in hollow cathode plasma jet..........ccccovevieieiiieie e 14
2.3. Langmuir probe diagnOSEICS .........cceieriririiiieieiieseese e 16
2.4. Light scattering on NanopartiCles...........ccovvevieieiieeie e 20
2.5. Quartz crystal microbalance (QCM) .......cocvviiiiiiiiiieeees e 24
2.6. Dye-sensitized Solar CellS ... 26

3. EXPerimental SELUD ....cc.ocviiieicc e 29
3.1. Experimental vacuum SYSTEM ........ccoiiiiriiiniiieieie e 29
3.2. Langmuir probe MeasuremMents ..........ccceeereeieeireieeseeseseeseesee e e 32
3.3. Measurement of neutral gas temperature by fibre-optic thermometer ...... 34
3.4. Detection of nanoparticles using laser beam scattering..............ccccceenee. 35

4. Deposition of titanium dioxide nanoparticles by means of HCPJ ................... 40

4.1. Langmuir probe diagnostics of plasma plume under conditions relevant to

0121 10 ] | oo SR 42

4.2. Neutral gas temperature measurements by fibre-optic thermometer......... 44

4.3. Characterization of thin nanoparticle-rich pure titanium layers deposited in

laminar FIOW regIME......c.ooiiiieie e 48



4.4. Surface analysis of TiO2 nanoparticle-rich films............ccccooviiiinienn 53

4.5. Chemical analysis of TiO2 nanoparticle-rich films ...........ccccoovviininnnn 59
4.6. Crystalline structure of TiO2 nanoparticle-rich TiO2 films ...........c..c........ 61
5. Detection of nanoparticles in a HCPJ ... 65
5.1. Analysis of the discharge optical SPeCtrum ...........cccccvevevieieeve e 65
5.2 Detection of the scattered at nanoparticles laser light ...........c.ccoceviiinennn. 67
5.3 Determination of nanoparticle distribution function .............cccccceevvene 76
5.4. 2D maps of the light scattered at the angle 90°...........ccccooviiieiiiiniiene, 81

5.5. Titanium dioxide columnar structures in samples deposited for the

nanoparticle size charaCterization.............ccocooeviiiniiieicie e 82

6. The efficiency of titanium dioxide layers in dye-sensitized solar cells. ........... 85

6.1. Deposition of the metal-oxide films in DC regime with supporting anode

.......................................................................................................................... 85

6.2. Investigation of factors which affect the efficiency of DSSCs.................. 88
7. CONCIUSTONS ... 98
BIDIOGIapNY ... 102
LiSt OF USEd SYMDOIS .....cviiiiiece e 108
Authors’ publications ... 112
ATLEACNIMENTS ... et bbb 113
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1. Motivation and aims of doctoral thesis

In this work hollow cathode plasma jet (HCPJ) was investigated as a sputtering
system for deposition of thin films. The principle of hollow cathode plasma jet is
based on sputtering of the inner cathode surface by the high energy positive ions of
working gas [1,2]. A sputtering system with HCPJ gives us an opportunity to control
a wide range of parameters in a process of deposition. Among them the most
important are: pressure, discharge current/voltage/power, working gas flow rate, etc.
Manipulation with these parameters allows to create necessary conditions for
deposition of thin films with certain properties. A plasma jet can be powered in DC,
pulsed DC and RF regime. RF plasma jets are usually used for sputtering of
nonconductive materials. One of the significant advantages of HCPJ over the
magnetron sputtering is a continuous flow of the working gas which (i) helps to
achieve a higher purity of the films and (ii) gives us control of the divergence of the
flow of sputtered atoms. However, magnetron sputtering allows thin film deposition
on larger areas with less difference in a thickness.

One of the main aims of PhD work was to obtain and investigate TiO thin
films deposited by HCPJ [3]. This material was chosen because of its exceptional
applicability in energy sector of science and technology. There are a number of
examples of its application in the fabrication of lithium ion batteries [4,5], visible
light-driven photocatalytic hydrogen production [6] and photo electrodes for dye-
sensitized solar cells (DSSC) e.g. [7,8].

The HCPJ proved to be a good source for nanoparticle synthesized from a gas
phase [3]. In a general case particles with a size from 1 to 100 nm are called
nanoparticles. The application of nanoparticles is rapidly growing in nanoscale
science and engineering. Such properties of nanoparticles as surface to volume ratio,
quantum confinement and surface atom arrangement are of a great importance. It
means that by controlling the size of nanoparticles we can obtain new properties of
material. The widely spread techniques of gas-phase nanoparticle synthesis using
evaporation of solid material are: pulsed laser ablation [9], spark discharge
generation [10], flame reactors [11] and ion sputtering [12].

Surface morphology, chemical composition and crystalline structure of Ti and
TiO2 thin films were investigated by the different experimental techniques. Scanning

electron microscope (SEM), atomic force microscope (AFM) and transmission
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electron microscope (TEM) were used for surface morphology characterization. The
combination of these methods gives us complex information about the thin film
surface. Energy dispersive analysis (XRD) was used for detection of impurities and
correspondence of atomic concentration of different element to the stoichiometry of
TiO2. The diagnostics of chemical composition of thin film was carried out by means
of X-ray photo electron spectroscope (XPS) in order to check the existing chemical
bonds on the surface. Crystalline structure of TiO> thin films were studied by means
of both X-ray diffraction (XRD) and TEM methods. Photovoltaic tests of TiO> films
were carried out in order to evaluate the perspective of their application in dye
sensitized solar cells[13].

A deposition process starts in the plasma plume, hence plasma has a direct
influence on the thin films growth. Information about plasma brings more
understanding and control over the process of deposition. In our laboratory the main
instrument for plasma diagnostics is Langmuir probe. This technique is the oldest
and most often used for investigation of a low temperature plasmas. The main
advantages of this method are a simplicity in exploitation and a wide list of
parameters we are able to estimate from the measured data: electron/ion energy,
electron/ion energy distribution function, ionization degree, plasma potential,
floating potential. The probe takes information from the certain place in plasma,
therefore it is possible to measure spatial distribution of interesting for us plasma
parameters. However, the presence of Langmuir probe in plasma brings some
disturbance because it drains charged particles. Another disadvantage is complexity
of measured data estimation.

Main chamber of our experimental vacuum system was equipped by the
quadrupole mass spectrometer. It was used for quantitative determination of plasma
composition and concentration of impurities, change of the signal from the most
abundant ions in time during the process of deposition.

Since we deal with so called “dusty plasma” we tried to detect the
nanoparticles in a gas phase. Our method, laser-induced scattering, is based on the
detection of scattered light when the plasma with nanoparticles is illuminated by
laser beam. Other techniques as laser-induced absorption [14], scattering [15] and
fluorescence [16] have been developed for similar purposes. Instant data acquisition
and low cost [17] makes laser-induced scattering technique more favourable to the

other nanoparticle detection methods. It is possible to evaluate the nanoparticle mean
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size/size distribution from the scattered laser intensity using Mie/Rayleigh theories.
The nanoparticle detection in HCPJ plasma was not carried out before, therefore

obtained results are of a great interest.
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2.1 Plasma

The first definition of plasma was given by Irving Langmuir during the
investigation of a glow discharge. He described plasma as “brightly shining gas that
consists of electrons, different sorts of ions and neutral atoms”. He was the first who
introduced the term “plasma” and main plasma parameters: ion density — nj, electron
density — ne, density of neutral atoms — no and electron, ion and neutral gas
temperatures Te, Ti, To.

From the fundamental knowledge is well known that matter can be in three
states — gaseous, liquid and solid. The current state of the matter is mostly defined by
such parameters as pressure and temperature. If we heat up a material in a solid state
then at certain temperature we will observe the transition from solid to liquid state. If
we continue the process of heating the material will evaporate and becomes gaseous.
The temperature of the state transition depends on the properties of the material.
Further supply of energy will dissociate molecules and ionize atoms. If the
concentration of ions and electrons will be sufficiently high such state of matter will
get qualitatively new properties in comparison with normal gas. The concentrations
of negative electrons and positive ions in sufficiently large volume tend to equalize
to make this ionized gas quasineutral. Moreover, such state of matter has unique
conductive properties in comparison with neutral gas. Thus, it can be affected by
electric and magnetic fields. Provided that the studied volume is sufficiently large,
the concentration of charged particles sufficiently high and the electrostatic
interaction predominates the mechanical interaction during collisions with neutral
particles this state of ionized gas is called plasma. These qualitative requirements are
specified in more detail below.

Plasma is in a steady state only in a case of the continuously working
ionization source. It can be DC (glow discharge, arc discharge, etc.) or RF discharge
(electrodes powered by high frequency current, induction coils, etc). Plasma can be
created by heating the neutral gas to high temperature that is sufficient for ionization.

The laboratory plasma has as a rule low degree of ionization. For example electron

6
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density in glow discharge of a fluorescent lamp is approximately 10 m= while
density of neutral gas atoms is about 10®° m3; that corresponds to degree of
ionization 10,

In plasma physics the temperature of particles is often expressed in energy
units associating it with energy koT. In this case a common unit is eV
(1 eV = 11600 K). Examples of typical values of charged particle concentration and

temperature of plasmas in nature are given in Tab. 2.1.

Charged particle concentration  Electron temperature
Plasma source

[cm] [eV]
Fusion reactor 108 104
Tokamak 101210t 100 — 10*
Open trap 101210t 10 - 108
Pinch 1016 100
Gas discharge 105 —10% 2
Laser plasma 1020 — 10% 102 - 103
Solar corona 106 200
Solar atmosphere 101 1
Earth’s ionosphere 10° - 106 0.1
Solar wind 5 10-50
Interstellar gas 1 001-1

Tab. 2.1. The values of charged particle concentration and temperature for different types of plasmas

in nature.

There are four criterions for an ionized gas to be treated as plasma [18]. The
first criterion is quasineutrality which requires almost complete equality of positive
and negative charge densities. In this case positive and negative charges compensate
each other so that the electric field in plasma is approximately zero. It is explained by
the strong electric field that appears even under the slight inequality of negative and
positive charge carriers. In a presence of positive ions and electrons the
quasineutrality can be expressed as ne = ni, where ne and n; are electron and ion
concentrations.

Charged particles behave collectively and arrange themselves in such a way as

to effectively shield any electrostatic fields. But the quasineutrality cannot be
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fulfilled in small volumes, e.g. near the biased electrode. The characteristic distance
of this shielding is called Debye length Ap and can be calculated by the equation

gk, T
Jo = |20 e 2.1
D \ neez ( )

where g — dielectric permittivity of vacuum, ky, — Boltzmann constant, Te — electron
temperature, ne — electron density and e — elementary charge. The quasineutral
plasma is therefore separated from each outer source of electrostatic field by the
region with positive or negative charge called space charge sheath which shields this
electrostatic field. Dimensions of the space charge sheath are of the order of Debye
length and the condition of quasineutrality may not be satisfied inside of the space
charge sheath. The existence of space charge sheath or Debye shielding effect is a
characteristic of all plasmas, although it does not occur in every medium that
contains charged particles.

Further necessary and obvious requirement for plasma is that its dimensions
should be larger than Debye length. If L is a characteristic dimension of plasma we
can define the second criterion of plasma

L>> 4. (2.2)

We can define the Debye sphere as a sphere inside the plasma of radius equal
to Debye length. The electrostatic field outside of this sphere is effectively screened
by the charged particles and does not affect the electric field in a centre of this
sphere. Thus, charges inside of Debye sphere interact effectively with each other,
while the charge interaction with outer charged particles can be neglected. The

number of electrons Np inside a Debye sphere is given by equation

3/2
4 4 (ek,T,
No = Smign, = 37{ n°el,;’62] 23)

Since the shielding effect is the result of the collective particle behaviour the
number of electrons inside of Debye sphere should be very large. Hence, the third
criterion of plasma is satisfaction of the inequality

ain, >>1. (2.4)

The above expression expresses that the mean distance between electrons

should be much smaller than Ap. We can introduce the plasma parameter g, which

physical meaning is the ratio of the mean inter-particle potential energy to the mean
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plasma Kinetic energy. The condition g>1 is called plasma approximation. It is
described by the following equation
1

- . 25
g Zn. (2.5)

When the external force is changed the internal electric field accelerates
charged particles to restore the plasma quasineutrality. The restoring of the charge
balance after this disturbance cannot be instantaneous because of the inertia of
charged particles. This characteristic time is inversely proportional to the physical

quantity that characterizes this oscillation and is known as plasma frequency

062 1/2
Dpe :[ : J ’ (2.6)
mego

where me is electron mass. lons are much heavier than electrons, hence the collective

motion of charged particles is provided mostly by electrons. It should be noted that
only small disturbances in plasma are considered in this theory.

Collisions of electrons with neutral atoms and molecules dump the collective
oscillation. From this we can derive the fourth criterion of plasma

(0]

sy 2.7
g Ve (2.7)

where ven is the electron-neutral collision frequency. Otherwise electrons will not be
able to behave independently and will be forced by collisions towards the complete

equilibrium with the neutrals [18].

2.2 Gas discharge

Term gas discharge is usually connected with processes of the electric current
in the gas. The founder of gas discharge physics is the John Sealy Townsend. He
created the theory of gas breakdown and principles of ionization at the beginning of
20-th century.

Modern physics treats gas discharge in more broad sense. It is not only the
electrical current in gases but any process of gas ionization by means of electric field.
This process occurs not only in constant electric field but also in high frequency

(MHz), ultra-high frequency (GHz) and even in optical range (optical discharge).
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A C

-

Fig. 2.1. Schematic current-voltage characteristic of non-self-sustaining discharge.

Discharges in constant electric field are divided into self-sustaining and non-
self-sustaining [18,19]. Gases consisting of neutral atoms and molecules at room
temperatures are almost nonconductive. The very small degree of ionization is
caused by natural radioactivity, cosmic rays or ultraviolet radiation. Neutral particles
in gas can be additionally ionized for example be means x-rays or collisions with
electrons and other particles with energy necessary for the ionization.

Let’s assume that ions in gas are created only by outer ionizer. Thus, the
current and subsequently discharge stops after that ionizer switch-off. Such type of
the discharge is called non-self-sustaining.

The typical current-voltage characteristic for non-self-sustaining discharge is
qualitatively shown in Fig. 2.1. Discharge current grows at small applied voltages
(curve OA), than it reaches saturation and keeps almost independent of voltage (curve
AB); that corresponds to the complete involvement of free charged particles created

by the outer ionizer.
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Anode Cathode

Discharge I J @

s (V) 3

Series I:I R
resistance

Udischarge

+ -
O O

Fig. 2.2. The scheme for the measurement of |-V characteristic of a gas discharge lamp.

With further increase of the applied voltage the current starts to increase (BC).
lons and electrons are accelerated by the electric field. As soon as more electrons
gain energies higher than the ionization threshold the electron avalanche appears.
The discharge changes are still non-self-sustaining. This process depends on the
pressure and ionization potential of neutral atoms and molecules in the discharge.

The conductivity of gas can, in sufficiently strong electric field, increase
abruptly which is called breakdown. The corresponding voltage in a discharge gap is
called breakdown voltage. If we remove the outer ionizer after breakdown the
discharge current doesn’t cease. It means that discharge is in self-sustaining mode
and ionization is maintained by processes in the discharge itself.

I-V characteristic of the gas discharge tube is measured by means of the
scheme that is described in Fig. 2.2. This electrical circuit includes the power supply
E, with adjustable voltage that varies in a range from tens up to thousands V and
changeable resistor that is called series resistance. This resistance is necessary for
the restriction of the current and discharge stabilization in a region with negative
differential resistance. In a regime with negative resistance the discharge is not stable
and the discharge current tends to grow without limit. This electrical circuit also
includes ammeter and voltmeter in order to measure the current and voltage between
electrodes.

It is possible to obtain any known discharge mode in a given gas conductor

by means of scheme in Fig. 2.2. The discharge regime is determined by intersection
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point of load line (U=E-RI) and I-V characteristic of the discharge. We can choose
the regime of the discharge by means of adjusting E and R.

U[VIA G

800

600

400

200

>
110 | [A]

-12

0
10%° 10" 10

1

10° 10° 10° 10° 10
Fig. 2.3. I-V characteristic of discharge in neon at the pressure 1.3 mbar with load line.

The shape of 1-V characteristic for certain gas conductor depends on the
conditions. The most important parameter is pressure. I-V characteristic in neon
discharge under the pressure 1.3 mbar is shown in Fig.2.3. It is obtained
experimentally by means of circuit shown in Fig. 2.2. The area of copper electrodes
was 10 cm? and distance between them is 50 cm. The typical load line is also given
in Fig. 2.4. The beginning of I-V characteristic is not possible to describe because of
the low signal in absence of outer ionizer. The basic ionization is provided by natural
radioactive radiation or cosmic rays. Characteristic starts from AB region that
corresponds to saturation current. The breakdown occurs in point B. CD part
corresponds to self-sustained dark discharge.

The part DEFG corresponds to the glow discharge where DE — subnormal
glow discharge, EF — normal glow discharge and FG — anomalous glow discharge.
GH corresponds to arc discharge. It is possible to obtain this regime with high value
of current and low series resistance.

Qualitative scheme of glow discharge in a glass tube is given in Fig. 2.5. The
dependencies of the main quantities that characterize plasma on horizontal
coordinate are shown below — radiation intensity, electric field intensity, electron and
ion currents, electron and ion concentration and total spatial charge density.

The discharge consists of light and dark regions. The distance from cathode to
these regions is defined by electron mean free path because all processes in plasma
are connected with electron — atom collisions. Dimensions of these regions are

increasing with decrease of pressure. Dark Aston space is directly near the cathode
12
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followed - in the direction towards the anode - by cathode glow and cathode dark
space. Negative glow region with transition to Faraday dark space comes after that.
The longest part is commonly the positive column and near the anode the dark anode

space and anode glow are formed.

Dark Aston space Faraday space
Cathode dark space Anode dark spaceI
—EI\ | Positive column I/g—
Cathode Negative Anode
glow glow glow
| A
JaN j\ / \
®
A V\
Ve
|EI4 <E
\/ y
IJI A
Je <«
Ni. N,
N n,=n
.. + € ne
Ne n,
A
p R p:e(n+ i ne)

Fig. 2.4. Structure of the glow discharge and distribution of the main parameters along the horizontal
discharge axis [19].

Usually, negative glow is the brightest region in the discharge. It has blue
colour at the air, that’s why this regime of the discharge is called “glow”. Electrons
emitted by the cathode have an energy that is not enough for excitation of atoms.
That’s why the layer in proximity to the cathode is dark (dark Aston space). After
that electrons gain energy and first glowing region appears — cathode glow. Because
of high electron energy the process of ionization becomes dominant. This process
corresponds to the cathode dark space in Fig. 2.4 Positive ions move along the
discharge tube and create positive spatial charge. Electric field is weak in the end
dark cathode space but a lot of relatively slow electrons moves towards anode. They

are able to excite neutral gas atoms. The region of negative glow starts at this place.
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Then electrons lose their energy and the glow transfers into Faraday space. In
Faraday space electric field increases until it reaches positive column value. Positive
column can be considered as the conductor with electron conductivity. Electrons
continuously collide with neutral atoms and excitation occurs. Close to anode the
positive ions practically do not exist and electrons form the negative space charge
that creates small anode fall. Here electrons gain energy and cause anode glow.

Dependencies shown in Fig. 2.4 demonstrate given explanation.

2.2. Discharge in hollow cathode plasma jet

Hollow cathode glow discharge configuration is used for achieving high charge
density in a simple way. Although a huge number of works about hollow cathode
discharge is already published this topic is still interesting for science and
technology. For the technology the hollow cathode plasma jets (HCPJ) are used as
sputtering sources for thin films deposition. It can be used for physical vapour
deposition (PVD) and plasma enhanced chemical vapour deposition (PECVD).
During PVD deposition the thin film grows from particles sputtered from the cathode
by impinging positive ions. PECVD methods use precursors in order to obtain thin
films with complicated chemical composition.

Let’s compare the hollow cathode discharge with normal glow discharge
(NGD). Two configurations of glow discharge are given in Fig. 2.5. The upper
scheme corresponds to NGD system with two planar electrodes. The current density
Jjocan be calculated from the equation

. Ae,u VA(1+y,
JO — 0:u+ (;n?)( y|) , (28)
where Ven is the cathode voltage drop, d, its length, x, the ion mobility and y, the

ion-electron secondary emission coefficient. The application of NGD system with
planar electrodes for thin films deposition is not effective because sputtering rate is

low. It is known that if we increase the current of the discharge in the current density

J, Stays constant but cathode spot increases its area.
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negative glow positive column
cathode anode (A)
()
—  q*
{
ballasting

resistor Ry Unc

(G} hollow

(©) cathode

negative glow negative glow

positive columng [ Rp
anode anode
A | (A)

Fig. 2.5. The schemes of DC normal glow discharge (upper) and DC hollow cathode discharge

(lower) systems [2].

The transition from NGD to anomalous glow discharge (AGD) occurs when
the whole cathode area is covered by the cathode spot. In this case current density
can reach values more than several units of mA/cm? under the discharge voltage
from 2 up to 5 kV. However, even with this current density the sputtering rate is still
low.

The principle of the hollow cathode is schematically shown in the lower part of
the Fig. 2.5. Experiments have shown that if we decrease the distance between
electrodes negative glows start to overlap. Due to the hollow cathode effect we can
obtain the high plasma density between two connected cathodes at relatively low
cathode voltage. The main processes in the hollow cathode are shown in Fig. 2.6.

Some electrons emitted from the cathode are able to leave the cathode fall
region without suffering any collision. In this case they acquire the full energy of
cathode fall. They are reflected from the opposite cathode fall region and this process
continues in a form of oscillations. These oscillating high energy “pendulum
electrons” play an important role in plasma ionization [2]. The discharge can be
powered by DC or RF power sources whereas both types can be operated in

continuous and pulsed modes. In the pulsed modes usually the weak continuous DC
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or RF voltage is applied even between the pulses to maintain the stability of the
discharge.

cathode fall

hollow cathode

i

Fig. 2.6. The main processes involved in hollow cathode effect [2].

Another important process is the bombardment of the cathode surface by ions,
metastables and photons which becomes a reason of secondary emission and hence
the increasing of ionization. By means of anomalous hollow cathode discharge it is
possible to obtain thousandfold higher level of ionization in comparison with normal

glow discharge and consequently higher deposition rate.

2.3. Langmuir probe diagnostics

The electrical probes are used for plasma diagnostics since invented by I.
Langmuir in 1923. The principal scheme and general shape of current-voltage
characteristic is shown in Fig. 2.7. The Langmuir probe current is sum of currents lpe
and lpi caused by the flows of negative and positive charges respectively. The probe
attracts or repels charged particles in dependence of their charge and the probe
potential with respect to plasma. Almost full difference of potentials between plasma
and probe is concentrated in the space charge sheath — thin layer between plasma and

probe surface. Langmuir probe theory is based on assumption that charged particles
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move inside the sheath without collisions [2,19]. This assumption determines the

range of pressures where the original Langmuir theory is applicable.

Anode Probe Cathode
O 3
® S
+ Uprobe_ E
L ' o—— | 04
Udischarge
+s —
03 Ll 1 I 1 I 1 I 1 I 1 Ll 4
- Neon 13
0.2F P=75Pa,1,. =10 mA {°
. I dis 15 =
< 1 <
£0.1F 1, £
_D" B _ C\]:)Q
0 = 0 ©
/ / - ~
floating potential \/“i-l o
-0.1F plasma potential¥ |~ ©
1 1 1 1 1

70 -60 50 -40

UM

Fig. 2.7. The scheme of gas discharge lamp and I-V characteristic of Langmuir probe in neon

100 -90 -80

discharge [2].

Together with the probe there must the reference electrode in the probe circuit.
It can be one of the electrodes, any conductive part of the discharge chamber or
special reference probe. In the case when dimensions of the probe are much less than
dimensions of the reference electrode the I-V characteristics is determined by the
sheath of probe only. The thickness of the probe sheath (rp — rs) is of the order of the
Debye length (Zp) and depends on the voltage difference between the plasma and
probe potentials. Typical probe characteristic and its second derivative are shown in
Fig. 2.7. Here the voltage corresponding to the zero probe current defines the
floating potential Un and the voltage of the inflexion point define the space potential
Usp. The space potential is also called plasma potential since it is the potential of the
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plasma at the probe position. The probe characteristics can be divided into three

regions:

I Up << Ug — lpillpe >>1 Positive ion acceleration region
I Un = Up < Uy — lpillpe = 1 Transition region

I Up<Up — Ipiflpe <<1 Electron acceleration region

Langmuir probe enables to determine the charged particle density,
energy/velocity distribution function, plasma potential, and the electron temperature.

In the case of Maxwellian electron energy distribution function (EEDF) in
unperturbed plasma, Boltzmann distribution of charged particles density in the probe
sheath (n=no-exp[-eU/ksTe]) and arbitrarily shaped probe, the electron current in the
transition region is

elU, —-U
.U, )_ envS exp(k_l_s"),UpSUSp (2.10)

where e is the electron charge, v, = (8kTe/zm)Y? is mean electron velocity, ne electron

concentration, Sp probe surface area and Te is electron temperature [19]. The pre-
exponential factor in this equation represents the chaotic current at Up = Usp. The
space potential Usp is usually determined as the potential of the zero cross of the
second derivative of the probe current d?l,/dU,? = 0.

For arbitrary EEDF the electron current in the transition region is

|e(U)_27T':mes j (6 )Xe —eU e, 2.12)

e

where e, me are electron charge and mass, ¢ is the electron energy, f(¢) electron

energy distribution function (EEDF) If(g)jgzl and U = U, — Uy is the probe

0
potential with respect to plasma potential. Druyvesteyn expressed the EEDF using

the second derivative of electron current in the transition region

f(8)223/2ne 1/2 —3/28 lul/2 ZUIZ , (212)

This equation is valid for convex probe geometries. The mean electron energy
can be determined from the EEDF
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£ = j &f (e)de . (2.13)
0
The electron density yields the integral of the second derivative of the electron
current
3/2 112,312 —10O 1/2 dzle
n, =2%?m"’?e s U cadv, (2.14)
5 du

the chaotic flow of the electrons to the probe at plasma potential Us, (electron

saturation current)

n, = w (2.15)

° enS,
In case of the OML regime (probe sheath thicker than the probe radius) the ne can be
estimated from the slope of the square of the electron current dependence 1¢2(Up) on
the probe voltage in the electron acceleration region
2¢°A n’
Iez(Up)znz—n:-Up+const. (2.16)

In the case of Maxwellian EEDF the electron temperature Te can be determined from

the slope of the semi logarithmic plot of probe characteristics in the transition region

kT, _ [din1)]" 217
e v, | '

The ion density can be determined from the ion saturation current part of I-V
characteristics. It is one of the most complicated problems of the probe diagnostics: it
is necessary to know the theoretical description of ion current-voltage dependence
that in turn depends (among others) on the plasma parameters being estimated:
namely plasma density, electron temperature and plasma ion composition. The ion

current can be usually approximated by the formula:

1/2 n
eU
l; =en;S, T . (2.18)
27M, ) Kk, T,

where M; is the ion mass and n has to be determined experimentally. For the thin

probe and collision less thick sheath n = 0.5.
The important advantages of the probe diagnostic are the simplicity of
experimental setup, number of plasma parameters which can be estimated and the

spatial resolution. As disadvantages of the probe method can be mentioned
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complicated data processing, disturbance of the plasma by the probe presence and its
drain of the charge carriers, difficulties of probes application in inhomogeneous
plasmas, changes on the probe during exploitation and limited usability in other than

the low-temperature plasma conditions [2].

2.4. Light scattering on nanoparticles

The change of the light properties after the interaction with matter is called
light scattering. In the case of particle this process consists of borrowing of the
energy of the electromagnetic wave propagating in media by the particle and re-
radiation of this energy to the solid angle with the vertex in the centre of the particle
[20]. In most of cases this process can be described by the wave theory. From the
point of view of this theory the electric field of the propagating light wave affects
atomic electrons and they become centres of the secondary spherical waves that
radiate in all directions.

In media with low level of inhomogeneity the scattering of the light is weak,
e.g. the light beam is not visible in a high quality glass or clean water. The light
scattering occurs even when linear particles dimensions are smaller than the light
wavelength. The basics of the light scattering in a turbid media were experimentally
studied by John Tyndall in 1869.

In a case when the media can be considered as continuous the scattering will
occur on its optical inhomogeneities. Dielectric permittivity and refraction index of
such media is a function of coordinates e= ¢(f) or n=n(r). The electromagnetic

wave in this media consists of the superposition of incident and scattered waves:
E=E,+E and H =H,+H'. For the continuous media the scattering is reduced to

diffraction of the waves on inhomogeneities [20-22]. The elastic scattering is
characterized by the same wavelength of the scattered light and incident light. An
example of inelastic scattering is the Raman scattering [23] characterised by usually
smaller energy of scattered photons. The Thomson scattering [24] is the elastic

scattering on free electrons.
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For particles characterized by the refractive index n the description of the
elastic light scattering depends on the ratio between the wavelength 4 and the linear
particle dimension d:

1) For the Rayleigh scattering [15] approximation the dimensions of the particles are
small in comparison with the wavelength: d < (1/15) - 4.
2) The Mie scattering [25] is more general and applicable even for d > (1/15) - 4 but

has to be calculated numerically.

A EOr

"{1:71',/2; 72:75/2-6

Fig. 2.8. The scheme of the scattering process.

In the Rayleigh approximation a small homogeneous spherical particle with

size smaller than the wavelength of incident radiation is considered. The electric field
E, of the wave is therefore homogeneous across the particle. Let P, be the induced
dipole moment of the particle given by the its polarizability «

P, = aE,. (2.19)
In harmonic periodic field with frequency o of the wave the dipole moment is given
in terms of induced dipole moment by

b= p,e. (2.20)
The electric field created at the large distance r (called far field approximation) by
the changing dipole is given by

1 o op._.
= ——Siny, 2.21
Are, C°r ot y (2.21)

where y is the angle between the scattered dipole moment p,and the direction of

observation and thus the electrical field is

Eo__1 EoeXp(_lkr)kzasiny, (2.22)
4re, r
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where k =2xz/4 is the wave number. Decomposing the electrical vector on two
orthogonal components perpendicular and parallel to the plane of scattering (the

plane containing incident and scattering beams), we have

E-—1E, eXp(_Ikr)kzasinyl (2.23)
4re, r
1 exp(—ikr), , .

E =- E, Kk asiny,. (2.24)
4re, r

Using formula for determination of intensity
| = &,cE[" (2.25)

the perpendicular and parallel intensities (or linear polarized intensities) are

1 1,k?
I, = o 2.26
" 16m%el  r? (2.26)
1 lgk*e®

= cos” d 2.27
! 16x°el  r? (2.27)

For unpolarised incident beam is lor = lo1 = 10/2 and finally

4 2

=1 +1, =%I_ga2(ﬁj w (2.28)

1677y 1 A 2

From electrostatics the polarizability o of the spherical dielectric particle with the

diameter d and the refractive index n is

dj n-l (2.29)

a:47z¢90(2 ey

Substituting this in (2.28) we get the Rayleigh formula for unpolarised light intensity

[20-22]
1+c0s20( 2z (n2=1Y(d\°
=1 — — — . 2.30
¢ 2r? [zj [n2+2J (2] (2.30)

If the incident light is polarized and we observe the scattered light in the plane

parallel to EO the polar distribution of scattered intensity can be described as | ~

cos?d. The scattered light intensity in forward and back directions are maximal but to
6 =90° it is zero since the dipole does not irradiate light along its axis, see red curve
in Fig. 2.9(left).

If the scattering of the same polarised light is observed in the plane

perpendicular to EO, there is no dependence on 6, see black curve in Fig. 2.9(left).
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In the unpolarised incident light the vectors E, and so as p, are uniformly
distributed in the plane perpendicular to the beam. Therefore all planes of
observation that lie in the plane of the beam are equivalent and the angular

dependency has the form (1+cos?6)/2, see Fig. 2.9(right).

—— Perpendicular %

— Parallel
60

90
60

Fig. 2.9. Polar diagrams of the polarized (left) and non-polarized (right) incident light.

The polar diagrams for Rayleigh theory are left to right symmetrical, i.e.
scattering intensities are the same in forward and backward directions. This is almost
exactly valid for molecules and particles with dimensions less than 0.07 A. If
dimensions of particles are comparable with the incident light wavelength that
symmetry of the scattering polar diagram is lost and the forward scattering becomes
dominant.

The theory of the light scattering on spherical particles with dimensions
comparable and bigger than the incident light is developed by Gustav Mie in 1908
[26]. Mie scattering can be considered as diffraction on uniform and identical
inhomogeneities of the media distributed on the distances larger than the wavelength
from each other. The solution of Mie theory is the solution of Maxwell set of
equations with the boundary conditions on the surface of the spherical particle with
arbitrary radius characterized by ¢, 4 and o. The solution is in a form of series with
parameter « = ka, where a — radius of the spherical particle. The Mie scattering
becomes Rayleigh at a<0.2.

Differences in Mie and Rayleigh theories are:
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1) The reradiation of the primary wave by the elementary scatterers (bound
electrons) should be taken into account hence the refractive indexes n inside of the
particle n#l1.

2) According to Rayleigh theory the radiation of elementary scatterers of the same
particle interfere under the same phase shift regardless of the direction. In Mie theory
IS necessary to take into account the phase shift for elementary scatterers and the

phase shift made by the distance between them.

270 270
240 300 240 300

180 0180 1]

120 311] 120 11}
a0 30

Fig. 2.10. Polar diagram of the scattering intensity on particles with size o = A/4 (left) and a ~ A (right)

intensity is given in logarithmic scale. Diagrams were calculated by means of software MiePlot [27].

The main results of this difference are following:

1) With increase of a/A the backward and forward scattering becomes asymmetrical,
forward is dominant. The polar diagram for particles with a=4/4 is schematically
shown in Fig. 2.10(left). A lot of secondary maxima will appear if we continue to
increase the particle size Fig. 2.10(right).

2) The dependence on the wavelength is weak for particles with dimensions much
larger than the wavelength.

3) The partial polarization of the light is observed.

2.5. Quartz crystal microbalance (QCM)

To take control over the thickness of the films during the deposition onto the

sample the quartz crystal microbalance (QCM) can be used. It consists of the quartz
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crystal exposed to deposited material. The mass of this material causes a slight
decrease of the crystal resonant frequency. From this frequency decrease the film
thickness can be estimated. If the thickness varies in a range of nanometres then
approximate shift reaches hundreds of Hz hence the quartz crystal might be used in
many experiments without cleaning. The initial resonant frequency of unloaded
quartz crystal was 5 MHz. To measure the film thickness on the substrate with high
accuracy the quartz crystal should be positioned in vacuum chamber as close as
possible to the substrate.

In literature there are several formulas to estimate thickness of a film. The first
approximation shown below was performed by Sauerbrey [28]:

N d
T, =[dqf2j(fq—fc), (2.31)
flq

where Tt is film thickness, dq the density of quartz (2.60 g/cm?®), dr density of film,
Ng=fqlq is the frequency constant for quartz crystal, 4 the thickness of quartz crystal,
fq the resonant frequency of unplated crystal (5 MHz) and f; the resonant frequency
of crystal loaded by the film. In order to keep the thickness measurement reasonably
accurate, frequency shift is limited to about 3 % of fq. The second generation quartz
thickness monitors use better formula
T, =N, j‘:(fl—flj (2.32)
which performs good accuracy of measurements for selected materials with
frequency shift up to 10 % of f,.
Miller and Bolef [29]were the first who took into account elastic properties of
the thin films. They introduced acoustic impedance ratio Z into formula for thickness

computation

d
7 - |—ofa (2.33)

dfﬂf

where us and uq are shear moduli of deposited film and quartz crystal respectively.

N_d f —f
T, =—" % tan| Ztan M (2.34)
md, .z f, .

The resultant formula
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Is the same as (2.20) if Z=1 or if the deposition material is quartz.

2.6. Dye-sensitized solar cells

In this work we tried to test the efficiency of TiO. thin films deposited by
means of HCPJ in dye-sensitized solar cells. A dye-sensitized solar cell (DSSC) is a
low-cost solar cell belonging to the group of thin film solar cells. It is photo-electro-
chemical system based on a semiconductor formed between a photo-sensitized anode
and an electrolyte. The modern version of a dye solar cell, also known as the Gritzel
cell, was originally co-invented in 1988 by Brian O’Regan and Michael Gritzel at
UC Berkeley and this work was later developed by the aforementioned scientists at
the Ecole Polytechnique Fédérale de Lausanne until the publication of the first high

efficiency DSSC in 1991 [30].
Natural dye

Electrolyte
[%)]
@
- - ©)
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hv T
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Fig. 2.11. Principal scheme of dye-sensitized solar cell.

Dye-sensitized solar cell has two main functional elements: anode and cathode,
see Fig. 2.11. Anode is a glass plate with transparent conductive oxide, usually
indium-tin oxide (ITO), layer on the top since the main requirements for the
electrode are light transparency and conductivity. TiO2 was deposited on the ITO
layer and serves as main active part for production of free charge carriers (electrons).

TiO2 only absorbs a small fraction of the solar photons (those in the UV). Therefore
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plate is then immersed in a solution of the photosensitive colourer (photosensitizer)

in order to improve the spectral photosensitivity of TiO2 thin layer. Between

electrodes the electrolyte with 17137 ions is responsible for the charge transfer. On the
cathode electrons have to be transferred back to the electrolyte. To increase the

cathode effectivity the thin graphite/Pt film is usually applied to its surface as a

catalyst.

The following steps convert photons to current:

1. The incident photon is absorbed on the TiO> surface.

2. The photosensitizers are excited from the ground state (S) to the excited state (S*).
The excited electrons are injected into the conduction band of the TiO: electrode.
This results in the oxidation of the photosensitizer (S*).

S +hv — S*
S*— S"+e (TiOy)

3. The injected electrons in the conduction band of TiO; are transported between
TiO2 nanoparticles via diffusion toward the back contact (ITO). And the electrons
finally reach the counter electrode through the circuit.

4. The oxidized photosensitizer (S™) accepts electrons from the 1™ ion leading to
regeneration of the ground state (S), and the 1" is oxidized to the oxidized state,
I3~

S*+e —S
5. The oxidized redox mediator, I3, diffuses toward the counter electrode and then it
is reduced to I ions [31].
3" +2e — 30
The efficiency of a DSSC depends on four energy levels of the component: the
excited state (approximately HOMO) and the ground state (LUMO) of the
photosensitizer, the Fermi level of the TiO> electrode and the redox potential of the

mediator (I-/Is—) in the electrolyte [31].

The solar cells were tested by means of the light source with defined optic spectrum,

typically sun-like, and defined power. The efficiency of solar cells was calculated

from the 1-V characteristics.
The electric circuit used for the measurement of solar cell 1-V characteristic

(left) and the explanation of the most important points of characteristic (right) are

shown in Fig. 2.12. For the fine voltage adjustment the voltage divider with
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R1 << R2 was used. For determination of different parameters of solar cell it can be

connected to the power supply in reverse bias (dark) regime which is marked as (1)

in Fig. 2.12(left) and forward bias (illuminated) marked as (2). The conversion

efficiency is defined as:

ISC
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Fig. 2.12. The principal electrical circuit for measurement of -V characteristic of solar cell (top) and

the reversed fourth quadrant of 1-V characteristic (bottom).

n=—", (2.35)

where Pin is the power input to the cell, Pm is the maximum power point which can
be determined as Pm=Im-Um, see Fig. 2.12(right). Another important parameter is the
fill factor (FF) that characterizes the inner resistance of a solar cell. It can be
expressed by the equation:

- oYU

FF = ,
ISCU oc

(2.36)

where s is the short current and Uqc is the open circuit voltage. All these parameters
can be determined from the cell 1-V characteristic.

The reverse bias I-V curve test is performed in the dark between 0 V and the
level where breakdown begins to occur (third quadrant). In this region, the slope of

the current-voltage characteristic can be used to estimate the shunt resistance.
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3. Experimental setup

Experimental measurements were carried out in the laboratory of the low
temperature plasma at the Department of Surface and Plasma Science, Faculty of
Mathematics and Physics, Charles University in Prague. The experimental system
was changed accordingly for the purposes of the measurements (thin film deposition,
plasma diagnostics, nanoparticle detection etc.). Cylindrical Langmuir probe was
used for plasma diagnostics. Neutral gas temperature was measured by fibre-optic
thermometer. Plasma jet in this work was served as nanoparticle source. The process
of nanoparticle nucleation was studied by means of laser scattering. Lasers were
operated in pulsed mode to improve the signal to noise ratio. Electric connections of

laser photodiodes and detector are described.

3.1. Experimental vacuum system

The vacuum system scheme is shown in Fig. 3.1. It consists of the vacuum
chamber with the diameter of 30 cm and height 30 cm constructed for UHV
conditions. We used Ar as a working gas and O as a reactive component for our
experiments. Balloons with these gases were connected to the inlets of the main
chamber by means Teflon tubes. Flow meters MKS instruments 1259CC-00500SV
(maximum 500 sccm for N2) and MKS instruments MF1 (maximum 10 sccm for N»)
were used for control of the Ar and O> flow rate respectively. The operation of flow
meters was provided by MKS multi gas flow controller 157. Valve system allows us
to drive the flow of gases to the different inlets in the main chamber. In experiments
with the pure Ar it was introduced directly to the hollow cathode. In a case of
reactive sputtering the oxygen was introduced through the separate inlet in a main
chamber because introducing it to hollow cathode results in discharge instabilities
like sparks, change of the glow regime and rapid increase of the voltage.

Three vacuum gauges are installed in a vacuum system to monitor the pressure.
Pirani gauge was used for monitoring the pressure between primary and secondary
pumps. Primary vacuum in a main chamber was achieved by Leybold Oerlikon

EcoDry M15 dry piston vacuum pump.
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Fig. 3.1. Principal vacuum scheme of the system with basic function parts.

Although the minimal pressure in the main chamber was in order of 10 Pa we
used higher values in our experiments since the purity of Ar is 99.999 % and
pumping of the system down to the pressure lesser than 10“ Pa makes a minor
contribution in a purity of the experimental conditions. The achievement of the oil
free high vacuum conditions we provided by means of turbomolecular pump Pfeiffer
Vacuum TMU 521 P. The maximal pumping speed was 500 I/s for Ar. Two vacuum
gauges were installed in a main chamber. During the experiments the pressure was
measured by means of capacitive gauge Pfeiffer Vacuum CMR 263. Combined
vacuum gauge Pfeiffer Vacuum PBR 260 with measuring range 10® — 10° Pa
consisting of Pirani and ionization vacuum gauges was used for the monitoring of the
pressure during pumping before experiments with plasma.

The hollow cathode plasma jet (HCPJ) was vertically mounted at the top of the
vacuum system. The manipulation with vertical position of HCPJ was provided by

edge welded below with thread mechanism. This allowed changing the vertical
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position along its axis in the range of 10 cm. Vacuum system was equipped with
quadrupole mass spectrometer (MS) Hiden EQP-500. The spectrometer chamber is
connected to the main chamber through the small orifice (20 um diameter). Mass
spectrometer chamber was pumped by means of primary and turbomolecular pumps
even when mass spectrometer wasn’t used in experiments.

water

cooling I

ceramic

Ti nozzle
shleld H

copper
cooler

—@®—{DCHI

—

L

Fig. 3.2. Process of the deposition by means of hollow cathode plasma jet in DC regime and Langmuir

substrate

probe electrical connection.

For the effective manipulation with samples we used the load-lock system. It
consisted of the buffer chamber, forked rod and sample holder. Load-lock system
gives an opportunity to insert and extract samples without venting of the vacuum
system. Reload of the samples took approximately 20 minutes.

The scheme of the HCPJ is shown in Fig. 3.2. The main part is the cylindrical
pure titanium (99.995 %) hollow cathode. The cathode has tubular shape with length
of 30 mm, outer diameter 8 mm and inner diameter 6 mm. The cathode is tightened
between two water cooled copper blocks. The copper tubes for the cooling water are
electrically isolated from the chamber and serve also as the electric connection.
HCPJ was powered by means of DC power supply Advanced Energy MDX 500
which provided maximum values of power, current and voltage of 500 W, 500 mA
and 1.2 kV respectively. The 25 Q resistor was connected in series with plasma jet.
HCPJ was insulated from the vacuum system by means of ceramic tubes and shield.

The vacuum chamber and metal parts inside of it were grounded and served as
anode. We faced the problems with discharge stability in a case of reactive sputtering
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with introduction of oxygen into the main chamber. It was caused by covering of the
inner surface of the chamber by nonconductive TiO> layer that resulted in a problem
with charge outflow. Some small metal parts of the chamber (screws, shutters or
table) became localized anode with a small collecting surface and high current
density. The conductivity was provided by continuous heating and removal of the
oxide layer by means of electron and negative ion current. It resulted in erosion of
arbitrary metal parts and unstable regime of discharge glow. This problem was
solved by mounting auxiliary electrode with the potential of +18 VV with respect to

the ground which drained the almost whole current from the cathode.

3.2. Langmuir probe measurements

A tungsten cylindrical Langmuir probe is used for plasma diagnostics in HCPJ.
The schematic drawing of the probe is shown in Fig. 3.3. The active part of the
probe, which was in contact with plasma, is a thin wire with diameter of 2r, = 50 um
and the length of I, = 2.2 mm. Tungsten was chosen since it has a high melting point
and relatively weak chemical activity at low temperature. The probe was connected
through the copper wire to the measuring electrical circuit. The probe insulation was
provided by the ceramic tube. Near the probe tip the thinner centring tube inserted
into a thicker one was added and shifted from the face of the tube to the distance of
about 1 mm inside of the bigger one. This was done to avoid the possible contact of
the probe wire with the outer tube surface. This surface becomes conductive during
the deposition and its contact with probe would make the probe collecting surface
undefined. The probe tip was cleaned by heating it with electron current before
taking several probe characteristics. The heating current was limited to several mA in
order not to overheat the probe.

The probe was mounted from the side of the main chamber perpendicularly to
the axis of the HCPJ. The movable feedthrough allowed the horizontal manipulation
with the probe in a range of 15 cm. Under the assumption of the axial symmetry and
together with vertical hollow cathode movement this makes possible to measure the

complete profiles of plasma parameters.
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Fig. 3.3. The schematic drawing of the Langmuir probe. The probe is highlighted by the red colour.
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Fig. 3.4. Examples of the probe characteristics measured at the different horizontal position.

The automation of the manipulation process was achieved by step motor
connected to the driving system Micron CD40x with integrated microcontroller and
high power amplifier with pulsed regulation. Step motor was operated by means of
program written in Agilent VEE environment and connected to PC via serial port.
This makes possible fast and accurate adjustment of the probe position.

The Langmuir probe current was measured by the multimeter Siemens B 3220
and the voltage was adjusted by Siemens B 3050 calibrator. Both devices were
connecter to PC via GPIB interface and operated by means of software written in
Agilent VEE. It gives an opportunity to change the voltage step and number of
averages of each measured point. Measured data were stored in “*.dat” format with
probe voltage in a first column and probe current in a second. Measured data was
processed by means of program START [32]. The examples of probe characteristics

are given in Fig. 3.4.
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3.3. Measurement of neutral gas temperature by fibre-optic thermometer

Spectrum Absorption edge
distribution

— Intensity
— Transmission

— Wavelength T,<T<T;

Fig. 3.5. Basic principle of the fiber-optic thermometer [33].

The neutral gas temperature is one of important parameters that determine the
processes in a hollow cathode discharge plasma, e.g. the growth of nanoparticles or
the thin film crystal structure. It is especially advantageous to measure the
temperature in the active plasma discharge using modern device — the fibre-optic
thermometer — since its sensor is nonconductive. The working principle is shown in
Fig. 3.5. The energy bandgap of most kinds of semiconductors decreases almost
linearly with the increasing temperature T near the room temperature. Hence, the
wavelength 1¢(T) corresponding to their optical absorption edge shifts towards longer
wavelength with T. As shown in Fig. 3.5, when we employ a light source of a LED
with a radiation spectrum coincident with Jg(T) of the selected semiconductor, the
intensity of the light transmitted through the semiconductor decreases with T [33].

1,7
?1,3

S

/200 um fiber in PTFE tube ST connector
- o =
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Fig. 3.6. The construction of fibre-optic temperature sensor TS2. Dimensions are given in mm.
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We used the commercial measuring device Optocon FOTEMP1 equipped with
fibre optic sensor Optocon TS2. The scheme of the sensor is shown in Fig. 3.6. Its
functional part is GaAs (Gallium arsenide) crystal. This semiconductor has direct
band gap, which means that it can absorb and emit light with high efficiency.
Starting at the wavelength of 850 nm GaAs becomes optical translucent. The position
of the band gap shifts about 0.4 nm/K. The excellent chemical resistance is achieved
by the teflon jacket. GaAs crystal is attached to PTFE protected glass fiber (Imm @)
with the ST-connector in the end. Sensor TS2 has a response time of 2 s. With an
accuracy of + 0.2 °C it allows precise and repeatable measurements. The FOTEMP 1
has a measuring range from -200 °C to +300 °C which is determined by the accuracy
of the theory and used materials (The melting point of teflon is about 310 °C).
Temperature range is sufficient for the majority of experimental conditions except of
the measurements when plasma jet is operated under the high values of the discharge
current, i.e. at currents over 400 mA.

The probe was attached to the horizontal part of the probe shutter (Fig. 3.1) and
the signal was brought out via the optical feedthrough. The probe shutter is movable
hence we were able to measure the horizontal temperature profiles. The position of
the probe was determined by the rotation angle of the shutter. Then it was
recalculated in linear shift since the distance from the tip of the probe to the axis of
rotation was known. The monitoring system is equipped with by the light source and
simple optical spectrometer which measures the band gap shift according to the
reflected light from the GaAs crystal sensor.

The most valuable advantages of the fibre-optic thermometer concerning
measurements in plasma are that it is unaffected by the electromagnetic (EMI) or
radio frequency interference (RFI), it is small to measure locally and can be

exploited in a chemically aggressive environment.

3.4. Detection of nanoparticles using laser beam scattering

Nanoparticles nucleation in a gas phase was investigated by means of the light
scattering technique. The principal scheme of the experiment is shown in Fig. 3.7.
The laser beam horizontally passed the vacuum chamber below the nozzle where it
crossed the vertical axis of the system and then it was reflected by the mirror away of
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3. Experimental setup

the visibility of the detectors in order to be dumped. The detector optics was focused
to the cross of the laser beam and the system axis. There is shown the angle &

between the incident light, i.e. laser beam, and the light scattered to the detector

optics.
Mirror
Discharge
Interference
filter
0
n%ilIIIII: \
Camera
210
&) 0.8
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g 0.2
200—="T =2 I
Distance from focus [mm] Detector
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Fig. 3.7. Top view of the experimental set up for detection of nanoparticles based on laser-light
scattering (left). Given graph indicates the dimension of measuring volume (maximum is at the
plasma axis). Distance from the detector to plasma axis is 61 cm. Grayscale photo of the plasma jet

with the scattered laser beam taken through the blue interference filter (right).

The scattered light was collected and focused by the lens with diameter of
24 mm to the 0.6 mm diameter optical fibre P600-2-SR. The proper focusing of the
detector optics to the HCPJ axis was carried out by additional laser placed at the
photodiode position at the end of the optic fibre. The graph in the left part of the
figure describes sensitivity of the detector on the distance from the focus.

There were used two detector types at the end of the fibre: the photodiode or
the optical spectrometer Ocean Optics HR4000. The third detector was photo camera
Nikon 5100D with AF-S DX Nikkor 18-55 mm f/3.5-5.6G VR objective lenses. For
measurement of 2D intensity distribution profiles the photographs were processed
using Photoshop CS6 and Origin 8.5.

To support both laser and detectors the geodesic tripod and HAMA Star 63
tripods were used. Laser was movable in both vertical and horizontal directions using
linear shifts. This allowed the accurate adjustment of the laser position in

experiments with digital photo camera.
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3. Experimental setup

We used three laser diodes with wavelength 446, 632 and 661 nm. Laser diode

with wavelength 632 nm was used in our early experiments.
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Fig. 3.8. Measured dependencies of radiant output power on laser diode current for blue (left, 446 nm)

and red (right, 632 nm) laser photodiodes used for nanoparticle detection.

Since we did not know the type of laser diodes we measured the dependencies
of radiant output power on the diode current for blue and red laser diode as shown in
Fig. 3.8. The blue laser diode was constructed to operate at higher values of diode
current. Moreover, the technique of the light scattering is more sensitive to the
shorter wavelengths; because of this we used mostly blue laser in our experiments.

Spectral profiles of the blue laser intensity and the blue interference filter (IF)
transmittance are shown in Fig. 3.9. The measurements were carried out by means of
the low-resolution optical spectrometer Ocean Optics HR4000. The laser peak
position is 446 nm while the peak position of the IF is shifted by about 4 nm. The full
width at 50 % of maximum
intensity (FWHM) of approx.

3.0k .
0.25 10 nm for both peaks ensures
7y
%2.5k- 020w still good signal corresponding
o Y
> ¢ to the overlap of both peaks
B 0.15 ¢ _ :
& 2.0k g while suppressing the out of
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Fig. 3.9. Optical spectrum of the blue laser (blue) and ~ombination with  Thorlabs

spectral bandwidth of interference fiter. S121C detector. Its sensitivity is
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Fig. 3.10. Optical sensitivity of the detector we used for

calibration of blue and red lasers.

shown in Fig. 3.10. Although the
sensitivity at blue (446 nm) and
early red (632 nm) wavelengths
is low the manufacturer specified
5% tolerance. This device was
also used for the radiant power
control of laser diodes during
laser

experiments since the

diodes are sensitive to the
temperature change. During the
operation the laser diodes were

actively cooled by fan.

For the scattered laser light detection the Siemens BPW 34 photodiode was

used. Its photosensitive area was 2.65 - 2.65 mm? and the spectral sensitivity is

shown in Fig. 3.11. The maximum sensitivity is in a range of wavelengths 800—

900 nm. The sensitivity at wavelengths 446 nm and 661 nm drops down to 25 % and

70 % of its maximum respectively.

The photodiode was negatively biased to I11-rd quadrant and AC connected to

the operational-amplifier-based current-voltage converter, see Fig. 3.12. The resistor

and capacitor in its feedback formed 2 kHz
low-pass filter. The signal was then connected
via the 600 Hz passive RC high-pass filter to
narrow-band (40 dB/octave) amplifier (Unipan,
Selective nanovoltmeter 237) tuned to laser
modulation frequency of 1 kHz. The signal was
then visualized on the oscilloscope and its value

measured peak-to-peak in mV.

Laser was modulated at the frequency of
1 kHz for the filtration of the noise, especially
at the mains frequency of 50 Hz and its
harmonics, and the stray light at the detector.
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The electrical scheme of the laser diode driver Fig 311 The spectral sensitivity of the

is shown in Fig. 3.13. The laser diode current photodiode Siemens BPW 34.
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amplitude was controlled by changing the supply voltage.

S.nV.
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Fig. 3.12. Photodiode signal amplifier connected to the

selective nanovoltmeter (S.nV.) and the scope.
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

4. Deposition of titanium dioxide nanoparticles by means of
HCPJ

The presence of the “heavy” nanoparticles that consist of more than thousands
of atoms can dramatically affect the plasma. Nanoparticles serve as a charge carriers
with both positive and negative sign. The positive charge can be created by the
secondary emission caused by the positive ions bombardment. The negative charge
of nanoparticles is more natural in plasma out of the cathode region since electrons
have much higher mobility hence particles collect electrons until they reach floating
potential.

Generally particles with a size ranging from units up to hundreds of nm are
called nanoparticles. The application of nanoparticles is growing rapidly in nanoscale
science and engineering. Such properties of nanoparticles as surface to volume ratio,
qguantum confinement, and surface atom arrangement are of great importance. New
properties of the materials can be obtained by controlling the size of nanoparticles.

In recent years a number of techniques for nanoparticle synthesis have been
developed. The most widespread techniques of gas-phase nanoparticle synthesis
using we should mention: pulsed laser ablation, spark discharge generation, inert gas
condensation and ion sputtering. Gas-phase methods are based on achieving the gas
supersaturation necessary to start the nucleation of nanoparticles [34,35].
Supersaturation in HCPJ is achieved by conditions of the high deposition rate and
strong pressure gradient between nozzle and substrate. A review on plasma
nanofabrication can be found in [36]. Different materials can be deposited by various
plasma jet systems, e.g. ZnO [37], WO [38] or Fe [39]. TiO. nanoparticles have
applications in different fields of technology because of their photocatalytic
properties (tested by e.g. dye decomposition [40]), high chemical resistance and
stability. Examples of their application are found in biomedical research [41],
treatment of wastewater [42] and pesticide degradation [43]. Nanoparticles of TiO>
dissociate the water molecule to produce hydrogen. The TiO2 is used for dye
production in industry because of its “pure” white colour [44]. Colourers that contain
this material are not dangerous for human health hence it is widely used in food
industry. The production of dye-sensitized solar cells with positive electrode covered

by TiO. layer was investigated e.g. in this work.
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

The crystalline structure of TiO2 has three polymorphs: anatase (tetragonal),
rutile (tetragonal), and brookite (orthorhombic). The investigation of anatase
photocatalytic activity is of great interest for reduction of organic compounds and
molecular gases [45]. Experiments have shown that using TiO2 as a photocatalyst in
the form of nanoparticles is more effective than bulk material because of the high
effective surface area [44]. The information about crystalline structure is present in
section 5.

One of advantages of the low pressure HCPJ is the possibility to use the DC
discharge, which is simpler with respect to RF. HCPJ can be utilized in wide range of
pressures: from low (0.1 Pa) up to atmospheric pressure [46]. The use of HCPJ for
nanoparticle deposition is based on sputtering the material from the inner cathode
surface by ions which gain energy from the cathode fall. In comparison with the
more commonly used magnetron sputtering it has some significant advantages in the
production of nanoparticles. The space inside the hollow cathode with its heightened
pressure serves as a space for nanoparticle nucleation. To achieve this with a
magnetron an aggregation chamber provided by differential pumping is
necessary [12]. Moreover, the velocity of a working buffer gas can be adjusted via its
flow rate [47,48]. This affects the resident time of nanoparticles inside and outside of
the hollow cathode and, consequently, influences the size of the nanoparticles
deposited on the substrate. The deposition mechanism by means of HCPJ is covered
in more detail in [1,49].

This section describes our investigation of the relationship between the
inhomogeneous parameters of the plasma plume generated by HCPJ and the
properties of the nanomaterial deposited onto the substrate. Similar conditions were
used in [39] for the deposition of Fe nanoparticles. The processes of nanoparticle by
means of similar system were partially explained (relevant cathode geometry, flow
rates and pressure). In our section of dissertation thesis we studied the distribution of
nanoparticles on the substrate and added plasma diagnostics which is important since
the nanoparticle growth occurs in the plasma. The stress is focused on conditions
favourable for the formation and growth of nanoparticles before reaching the

substrate.
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

4.1. Langmuir probe diagnostics of plasma plume under conditions

relevant to deposition

When the formation of nanoparticles occurs in a gas phase, information about
plasma is of great importance. Experimental conditions were close to those we used
during the deposition of thin layers (turbulent regime of the plasma flow). Probe
diagnostics of the plasma jet in a laminar regime of the flow was described in details
in [50]. The aim of these measurements was to evaluate the influence of the plasma
plume on the deposition since the samples were in a direct contact with plasma.
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Fig. 4.1. Probe characteristics measured at the plasma plume axis at the pressure 100 Pa and the argon
flow 200 sccm (left). Probe characteristic distorted by the probe oxidation (right).

Typical probe characteristics are shown in Fig. 4.1. The voltage step was
0.02 V and each point was averaged in order to reduce the noise caused by plasma
fluctuations. The probe was positioned at the approximate position where the sample
is located during the deposition. For the electron temperature Te evaluation the
Maxwellian EEDF fimax Was assumed

u -u
fMax(eU)OC x/wexp M

d’l, e n.S
dUZ /7\/7 Max( U ) (42)

The electron temperature Te was calculated from the slope of the second derivative

(4.1)

I-V characteristics in the semi logarithmic scale. The electron density was estimated:
(i) from the integral of the second derivative of current-voltage characteristics
equation (4.2) denoted as “Nelnt” in Fig. 4.2, (ii) from the electron current at the
plasma potential 1(Usp) denoted NeVpl and (iii) from the slope of the plot 13(U)
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

denoted NeleSqgr. Three methods were used to assess the error of the electron density

measurement.
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Fig. 4.2. Dependences of electron density, electron temperature and plasma potential on the distance
between probe and discharge axis at a vertical position h=42 mm below the cathode outlet. The
electron density (a) calculated by three different methods at 1,=300 mA and (b) NeVpl for different
values of discharge current. Dependencies of electron temperature (¢) and plasma potential (d) on the
probe radial position. The values of pressure and argon flow rate were 100 Pa and 200 sccm,

respectively.

The dependences of electron density on the radial position of the probe are
shown in Fig. 4.2(a,b). The comparison of the three different methods is presented in
Fig. 4.2(a). The density from integration of the second derivative of I-V
characteristics shows, as expected, somewhat lower values of plasma density because
of the error in the second derivative caused by the numerical differentiation near the
Usp. The method NeleSqr assumes the thick sheath. Closer to the axis, i.e. at higher
plasma densities the ip becomes smaller, which is associated with higher error.
Nevertheless, it is seen from Fig. 4.2(a) that the 1:2(Up) method agrees well with the
le(Usp). In Fig. 4.2(b) electron density dependences on the radial position under
different discharge currents are shown. Here, the ne is calculated from le(Usp). It is
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

evident, especially from the dependence that corresponds to discharge current
300 mA, that plasma has a well-defined border approximately at a distance of 15 mm
from the discharge axis. Outside of this border the ionization level falls dramatically.

The electron temperature and plasma potential stay almost independent on the
radial probe position, see Fig. 4.2(c,d). The values of pressure and argon flow rate
were 100 Pa and 200 sccm, respectively. The values of the electron temperature for
the discharge currents 100, 200, 300 mA are 0.27, 0.21, 0.2 eV, respectively. The
low electron temperature is typical for this discharge type because almost the whole
cathode fall is located inside or in the vicinity of the cathode. These values are in
agreement with [47] and [51], but in the second reference much higher oxygen to
argon ratios were used. The plasma potential is slightly negative when the probe is
used in pure argon as in [47,51]. The negative value of the plasma potential can be
explained by the low radial diffusion to the chamber walls at the working pressure of
100 Pa and the low electron temperature. This leads to the confinement of the
discharge channel that carries the discharge current mostly to the substrate holder,
causing the role of chamber walls as the anode to be nearly unimportant.

The measurements were performed without the oxygen flow. Even the smallest
oxygen flow rate (0.1 sccm) causes a rapid oxidation of the tungsten Langmuir probe
surface, after which the probe loses its conductivity and its further use becomes
impossible until it is cleaned by an electron bombardment in pure argon. Oxidized
probe is characterized by continuously growing absolute value of the floating
potential which has a negative sign and distorted probe characteristic (low values of
current). This effect is caused by accumulation of the electrons on the surface of the

probe due to the problem with charge outflow, see Fig. 4.1.

4.2. Neutral gas temperature measurements by fibre-optic thermometer

The principle of this thermometer is described in section 2.3. Unfortunately, it
cannot be used in all possible regimes of HCPJ due to the upper temperature limit of
300 °C. Especially, the region below the nozzle and the high discharge currents are
important for thin film deposition and annealing mechanisms but at these conditions

the temperatures above the thermometer limit can be overcome.
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

Two HCPJ flow regimes can be distinguished: laminar and turbulent. First
regime is characterized by the short spherical shape of the plasma jet with radius 1 to
4 cm. This regime, where the plasma diffuses in all directions, occurs at low values
of pressure (1-20 Pa) and working gas flow rate about 100 sccm.

The second regime of plasma at pressure 50 Pa and more and the flow over
approximately 100 sccm has shape of the oblong torch. The dimensions of the torch
depend on the pressure and flow rate. The length of the plasma plume is more than
several tens of cm at the argon flow rate of about 300 sccm. The motion of plasma in
flow direction becomes dominant in comparison with radial diffusion. The transition

between these two regimes is continuous.
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Fig. 4.3. Temperature measurements at the plasma plume axis in laminar regime of the gas flow. The
dependences of the temperature on the discharge current | (right) and temperature on the vertical

distance h from the nozzle (left).

The temperature measurements in laminar regime of the flow are shown in
Fig. 4.3. The measurement was performed at the plasma axis where the maximum of
the radial temperature distribution is considered. The dependences of the temperature
on the discharge current perform show approximately linear growth. Dependences of
the temperature on the vertical position show convex decrease with the maximum
near the cathode nozzle. This regime is characterized by the low ionization and fast
thermalization of neutral argon atoms. Thus the plasma annealing is not assumed at
these conditions even at positions close to the nozzle.

The pressure increase in the discharge chamber leads to the increase of the

temperature of the plasma plume as shown in Fig. 4.4(left). This effect is caused by
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

the lower gas velocity at the higher pressure since the time of flight of argon atoms
through the hot discharge region is shorter and energy transfer between discharge
and working gas is reduced. Temperature profiles of the laminar gas flow regime at
the pressure 1.2 and 11.7 Pa are shown in Fig. 4.3(right). Profiles are characterized
by dramatic fall near the proximity of the plasma axis. The temperature gradient is
approximately 8 °C/cm. The tail of the profiles is flat and at the distance of 40 mm

from the axis temperature is slightly above the room temperature.

—O— 1=150 mA; h=14 mm 160 Flow=80 sccm ——-P=1,2Pa
2004—0—1=250 mA; h=14 mm =150 mA —O—P=11,7 Pa
1=150; h=9 mm ) 140 h=14 mm
O 1804 120+
g 100+
=
© 160
© 80+
3
£ 140/ 601
40+
120 L] L] L] L] 20 L] L] L] L]
0 5 10 15 20 0 10 20 30 40

Pressure [Pa] Radial position [mm]

Fig. 4.4. Dependencies of the neutral gas temperature on pressure (left) and radial position (right).

The turbulent regime of the flow is more interesting since the stable and
effective deposition of nanoparticles was achieved at this regime. Measurements
were carried out with introduction of 0.5 sccm of oxygen to the main chamber. Such

conditions completely correspond to the nanoparticles deposition conditions.
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Fig. 4.5. Dependence of neutral gas temperature at the plasma axis on the discharge current with argon

flow rate as parameter.
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At these conditions the chemical resistance of the fibre optic thermometer is
advantageous. The sensor was placed 42 mm below the nozzle exit at the position of
the samples. Dependences of the neutral gas temperature at the plasma axis on the
discharge current are given in Fig. 4.5, the radial temperature profiles for different
flow rates with discharge current taken as parameter are shown in Fig. 4.6.
Generally, the turbulent regime is characterized by the higher temperatures in
comparison with the laminar one. Some points were not measured due to the

thermometer upper limit of 300 °C.
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Fig. 4.6. Dependences on the radial position and discharge current for the three different values of

argon flow.
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However, extrapolation of the dependence that corresponds to an argon flow
rate of 300 sccm shows that the temperature probably exceeds 300 °C at discharge
currents above 300 mA. The increased flow leads to higher radial temperature
gradient especially in the proximity of the plasma axis. For the flow rates of
100 sccm, 200 sccm and 300 sccm this temperature gradient is 10 °C/cm, 65 °C/cm
and 100 °C/cm respectively. The temperature of plasma plume over 300 °C initiates
the processes of film crystallization. The thin film annealing by plasma is discussed

in section 4.3.

4.3. Characterization of thin nanoparticle-rich pure titanium layers

deposited in laminar flow regime

We tried to cover a wide range of experimental conditions to optimize the
deposition process. We started from the laminar regime of the flow since it makes a
lower stress on the pumping system and plasma plume is much colder. First results
were obtained without introduction of the oxygen to exclude this parameter from the
list of parameters that affect deposition process i.e. to make the characterization
process easier.

The thickness of the films was measured during the deposition by the QCM. To
keep the accuracy the quartz crystal was positioned in vacuum chamber as close as
possible to the substrate. The crystal was connected to its oscillator by the in-vacuum
coaxial cable and coaxial feedthrough. The frequency was monitored by the
frequency counter HP 53181 A. Processing and saving obtained data was realized

using software in Agilent VEE.

Frequency shift ~ Thickness (AFM) Thickness (QCM) Ratio
[Hz] [nm] [nm] (TIAFM]/T[QTM])
200 22 7.9 2.78
300 33 12.0 2.75
450 44 18.0 2.44

Tab. 4.1. Results of QCM calibration.
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To calibrate the QCM several depositions with a different frequency shifts
were done. Thicknesses of obtained films were measured by means of AFM. All
formulas for the thickness calculation from QCM, see chapter 2.5, provided almost
the same results within 5 % error. The Ti film density dr = 4.5 g/cm? was used in the
calculation. The QCM results differed from AFM results approximately by the same
factor of 2.6 for all three samples, see Tab. 4.1.

This factor cannot be explained only by the oxidation of the film after the
deposition. The rough estimation shows that each nm of Ti metallic layer turns into
1.75nm of TiO2. In practice the deposited material has porous structure and its
density is significantly lower with respect to the bulk material. Together with other
uncertainties like different deposition rate on substrate and QCM, temperature
changes etc. the necessity of the calibration is evident.

Unfortunately, this calibration has to be repeated for different deposition
conditions i.e. the pressure, working gas flow rate, substrate position.

To check the purity during the deposition the ion plasma composition was
measured by the mass spectrometer (MS). Before the deposition was carried out the
system was pumped down to the basic pressure of 1.6-10* Pa while during the
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Fig. 4.7. The plasma ion composition during the deposition of thin layers.
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deposition the Ar pressure of 1 Pa. The discharge current to HCPJ was stabilized at
300 mA and voltage was 264+10 V.

The mass spectrum is depicted in Fig. 4.7. Spectrometer was operated in the
positive ion detection mode. The mass step was 0.5 amu hence the height of the
peaks can be calculated as a mean value of two nearest peaks. Two highest peaks
correspond to “°Ar* and “°Ar**,

Next predominant peaks are titanium stable isotopes “6Ti, 4'Ti, “Ti, “°Ti and
S9Tj. Titanium has exceptionally high natural abundance of stable isotopes. Measured
concentration of titanium isotopes approximately corresponds to the natural
concentration which is given in Tab. 4.2.

Isotope Mass Natural abundance
[a.m.u.] [%0]
46T 45.9526294 (14) 8.25 (3)
aTj 46.9517640 (11) 7.44 (2)
8T 47.9479473 (11) 73.72 (3)
T 48.9478711 (11) 5.41 (2)
50T 49.9447921 (12) 5.18 (2)

Tab. 4.2. Natural concentration of stable titanium isotopes [52].

The dynamics of selected ion signals in time is depicted in Fig. 4.8. The
sputtering process lasted 40 minutes during which the mass spectrometer measured
the concentration of the selected masses corresponding to atoms and molecules that
can be present in the plasma. All atoms and molecules except of titanium and argon
are considered as impurities.

From Fig. 4.8 is apparent that the concentration of impurities after 40 minutes
of sputtering is one order less than in the beginning. Titanium is an extremely active
chemical element, consequently it absorbs all chemically active gases. It is
reasonable to start the deposition process after 20 minutes of cleaning by titanium.
Concentration of the mass 80 that corresponds to TiOz is slightly increasing during
the sputtering process. It can be caused by the presence of Arz" ions which mass
coincide with TiO.. They can be created in a region of heightened pressure inside of

the hollow cathode. Lower titanium and argon ion signals at approximately 5 minutes
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can be explained by the lower cathode sputtering rate due to the presence of passive
oxidized TiO2 layer on the cathode.
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Fig. 4.8. The dynamics of selected ion signals in plasma during the deposition. List of the measured

ions is shown in a right part of the figure.

MS measurements with introduction of the O, to the main chamber were
complicated by the nonconductive TiO- layer covering the MS orifice diaphragm. It
resulted in the accumulation of the charge near the orifice and ion signal decrease.
Even changing the potential of the isolated diaphragm with the sampling orifice did
not improved the ion signal. The floating potential of this diaphragm gradually
increased after the introduction of Oz and reached tens of volts.

AFM scan of deposited nanoparticle layers in a laminar regime of the plasma
flow with the corresponding size distribution histogram are shown if Fig. 4.9. The
vacuum system was pumped down to the basic pressure of 1.1-10* Pa before the start
of the deposition. Pressure and argon flow rate during deposition were 0.3 Pa and
30 sccm respectively. Plasma jet was powered by the dc current of 300 mA and
voltage was 303-326 V. Voltage was gradually decreasing during the deposition
process. We assume that it is associated with cleaning of the cathode surface and
decrease of the cathode work function. The sample was deposited on the
monocrystalline silicon (111) substrate placed on the substrate holder of the movable
sample load-lock system. The cathode-to-substrate separation was 15 mm and the

deposition of the sample in Fig. 4.9 lasted 35 min.
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Fig. 4.9. AFM scan of pure Ti nanoparticle layers deposited in the laminar regime of the plasma flow
(left) and corresponding size distribution histograms (right). Dimensions of the scan are given in

nanometres.

The morphology of the thin film was analysed by AFM NT-MDT Ntegra
Prima with Multi75-DLC cantilevers in semi-contact mode. The thin film consists of
nanoparticle layers with rather narrow size distribution. Histogram with the size
distribution is given in Fig. 4.9(right). It is built from more than 100 manually
measured particles. We used log-normal fit to estimate the mean particle diameter

which is 39 nm.
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Fig. 4.10. AFM scan of pure Ti clusters measured at different zoom. Lateral scales of the left figure

are given in um while scales of right figure and both height scales are in nm.

Sometimes we observed the presence of clusters with diameter more than 100

nm. AFM scans of such clusters are shown in Fig. 4.10. Deposition lasted 10 minutes
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

at the cathode-to-substrate separation 10 mm. The rest of conditions coincide with

deposition conditions of the sample shown in Fig. 4.9.
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Fig. 4.11. The profile of the cluster with diameter 114 nm and height 17.5 nm.

Clusters have “squeezed” shape probably because of the interaction with
substrate at the high velocity. We assume that these nanoparticles originate in plasma
and obtain the velocity which is close to the neutral gas in plasma flow. Gas velocity
can easily exceed supersonic value as it was shown in previous results by Bardos
[53]. Clusters are surrounded by flat titanium film with 1-2 nm roughness. The
profile of one cluster with diameter 114 nm and height 17.5 nm is shown in
Fig. 4.11. The clusters were distributed nonuniformly at the surface of the sample,
and it was hard to reproduce films with a constant morphology at these conditions. It
can be partially explained by the change of the sputtering rate in time, which follows

from the Fig. 4.8.

4.4. Surface analysis of TiO, nanoparticle-rich films

Nowadays science and industry is rather interested in a production of TiO2
nanocomposites than pure Ti because of the exceptional photo activity of this
material (dye-sensitized solar cells, photocatalysis, etc). The process of TiO:

deposition by HCPJ is governed by several macroparameters. Among the most
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

important are discharge power, pressure, working gas flow rate, and the cathode to
substrate separation. Each of these influences the physical quantities that are
important for the properties of the deposited material: the degree of ionization, the
gas temperature, plasma, flow dynamics, etc. We were concentrated on effects of the
discharge current and argon flow rate since we believe that these parameters make
the most valuable contribution in deposition process. The first idea was to use a
passive TiO2/Ti203/TiO layer on the top of the cathode as the main source of oxygen
which appears after each exposure of the cathode to the air atmosphere, or after
introduction of argon mixed with oxygen into the HCPJ nozzle [54]. The passive
layer has a thickness from several nanometres up to several tens of nanometres which
depends on the surface porosity. This approach, however, has many disadvantages:
restriction in thickness, a high degree of impurities, stoichiometric inhomogeneity,
and difficulty in reproduction. In a case if we introduce oxygen directly to the hollow
cathode mixed with the argon flow the discharge became extremely unstable because
of intensive cathode surface oxidation and consequently higher cathode work
function. To solve this problem we introduced the oxygen separately from argon into
the main discharge chamber in the amount of 0.5 sccm which is comparably small in
comparison with argon flow, see Fig. 3.2. Relatively high pressure (100 Pa) was used
to create favourable conditions for cluster synthesis. Samples were deposited at
distance 40 mm from the cathode outlet [3].

While conventional systems for the synthesis of nanoparticles use separate
pumping of aggregation (higher pressure) and deposition (lower pressure) chambers
[12] we made use of a pressure gradient between the hollow cathode’s inner volume
and the vacuum chamber. Thus, the inner volume of the hollow cathode serves as an
aggregation chamber due to a heightened pressure inside it.

We made a cross section of several hollow cathodes that had been in use for
approximately one year and examined its inner surface. We conclude that sputtering
was not uniform and there was a region close to the nozzle outlet where erosion had
reached its maximum. The position of this region was flow dependent and had a
tendency to migrate along the inner surface of the hollow cathode [3]. This migration
is evident from those rare cases when discharge accidentally changes its shape and
voltage. The intensity of the working gas flow directly affects a plasma flow
dynamics. With an increase in the argon flow rate the plasma plume becomes longer
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

and obtains a well-defined columnar shape. The divergence of the plasma plume

depends on the pressure in the main chamber.
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Fig. 4.12. AFM scans of TiO, nanoparticle layers deposited under different values of discharge
currents and argon flow rates: (a)—(c) la =400 mA, far =100, 200, 300 sccm respectively; (d)—(f)

la = 100 mA, far= 100, 200, 300 sccm respectively. Dimensions on the scales are given in nm.

AFM scans of the samples’ surfaces deposited under different experimental

conditions are depicted in Fig. 4.12. The surfaces were scanned approximately in the
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

sample centre. From vertical scales the conclusion can be drawn that the roughness
of the film is gradually increasing with the argon flow rate. The samples deposited
under a working gas flow rate of 100 sccm, see Fig. 4.12(a,d), are out of the dense
plasma region; therefore, we assume the plasma’s influence is almost negligible and
the temperature of the substrate surface stays at a relatively low value (from 50 up to
130 °C). Measurements of the neutral gas temperature were described in more detail
in section 4.2. On the other hand, samples deposited under argon flow rates higher
than 200 sccm were in direct contact with the flow of plasma. Under these conditions

nanoparticles have a tendency to form bigger agglomerates, see Fig. 4.14.
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Fig. 4.13. Dependences of the mean nanoparticle size (top) and root mean square roughness (bottom)

on: (left) discharge current, (right) argon flow rate.

We assume that in first approximation nanoparticles have a spherical shape.
Using this assumption we have manually measured particle diameters. We used
approximately 70-100 randomly chosen nanoparticles from each scan and
complemented Fig. 4.12 with corresponding histograms. Particle diameters were of

the same order as the tip curvature of the AFM cantilevers, which was specified as
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

<10 nm. We assume that this can cause a slight shift of measured diameters to higher
values.

In [39] was also observed the increase of the mean Fe nanoparticle size with
the decrease of the working gas flow rate. The authors explained this effect by the
increased time of flight of nanoparticles to the substrate. We did not observe the
significant dependence of the mean nanoparticle size with the working gas flow rate
as seen in Fig. 4.13(top-right). Since the cathode to substrate separation is much
shorter, we believe that the mean nanoparticle size is affected by two competing
effects: (i) the shorter residence time at a higher gas flow rate which leads to the
creation of smaller nanoparticles and (ii) more effective Ti atoms thermalization at
higher working gas flow rates that is beneficial for creating larger nanoparticles. As
follows from experiment, at a distance of 3.5 cm from the hollow cathode and the

substrate used in our experiment, these two effects apparently cancel each other out.
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Fig. 4.14. AFM scans of the sample deposited under 14 = 520 mA and fa=300 sccm (a) at 5 mm from
the sample centre, (b) at 7 mm from the sample centre. The positions of the scans are indicated in the
sketch in the top right-hand corner. The higher resolution SEM scan added in (b) shows the
morphology of particles in details. Length and width are given in micrometres, colour height scale in

nm.

The dependencies of mean nanoparticle size and root mean square roughness
(RMSR) on discharge current and argon flow rate are given in Fig.4.13.
Nanoparticle sizes vary in the range of from 10 nm up to 20 nm. From
Fig. 4.13(top-left) it is possible to observe an evident decrease in the mean
nanoparticle size with the growth of the discharge current. At the same time, the
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

argon flow rate has almost no influence on the nanoparticle size. The RMSR of the
nanoparticle layers gradually increases with the growth of both parameters.

The distribution of nanoparticles on the surface of the substrate becomes
nonuniform under the high discharge current and working gas flow rate
corresponding to Fig. 4.14(a,b). The samples we deposited under these conditions
have a specific structure. In the middle of the sample we observed a round region
with high reflectance. The dimension of this region approximately corresponds to the
dimension of the plasma flow (10-12 mm). This region is surrounded by a black matt
ring where we observed a presence of agglomerate clusters. In a centre of the sample
agglomerate clusters were not found.

Agglomerates of nanoparticles have a grained surface morphology, see SEM
image in 4.14 (b). The size of grains is in a range of several nanometres. Thus, we
have all reasons to believe that the process of coagulation in the gas phase occurs
when nanoparticles are already in a solid state. The inhomogeneous surface
distribution of agglomerated particles on the substrate is facilitated by the increase in
the working gas flow rate. A high working gas flow rate causes the higher pressure
and flow velocity inside of the hollow cathode. This restricts both the radial diffusion
of the sputtered titanium atoms to the axis of the plasma plume, and the time of flight
of the particles growing near the axis to the substrate. It results in a highly
concentrated titanium vapour close the cathode wall, which leads to a higher
concentration of nanoparticles in the outer layers of the plasma flow, and
subsequently to a significant number of collisions between the nanoparticles in this
outer layer. In addition, clusters can be mechanically moved from the sample centre
to its periphery by the intensive the argon flow. This effect has been studied and
visualized in [55]. Since roughly estimated Reynolds number for the flow velocity
300 m/s, argon temperature of 400 K, and stream diameter of 20 mm is about 370,
turbulences and therefore turbulent agglomeration [56] may start to occur. The
amount of the agglomerate particles is small at discharge currents lower than 300 mA
since the sputtering rate is low. It supports our assumption that agglomerated
particles can be deposited only at a high working gas flow rate in conjunction with a

high discharge current.
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4.5. Chemical analysis of TiO, nanoparticle-rich films
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Fig. 4.15. EDX patterns of thick TiO2 nanoparticle layers without (top) and with oxygen flow of 0.5

sccm (bottom).

The quantitative composition of the thin films measured by the EDX is shown
in Fig. 4.15. Relatively thick samples with thickness of 3.5 um that exceeds the
electron penetration depth were prepared in order to exclude the influence of a
silicon substrate on the EDX measurements.

The first sample deposited without introduction of oxygen into the main
chamber was weakly oxidized (O 28 %, Ti 62 %). This was caused mainly by the
exposure of the sample to the air atmosphere during transport to the EDX. The
atmospheric oxygen reacts with titanium and creates an amorphous oxidized TiO>
layer on the top which resists further oxidation. The oxidation depth is commonly 5—
10 nm [54]. In our case, the oxidized layer can be much thicker due to the developed
morphology of the film surface. The second sample shows the stoichiometry of O
(63 %) and Ti (32 %), which corresponds to the titanium. In both samples we also
found a small amount (4 %) of carbon impurities. The conclusion can be drawn that
even a comparatively low oxygen flow rate (0.5 sccm) is enough for the complete

oxidation of titanium.
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Fig. 4.16. XPS spectra of thick TiO, nanoparticle layers without (right) and with (left) oxygen flow of
0.5 sccm.

XPS spectra of the samples deposited with (left) and without (right) oxygen are
depicted in Fig. 4.16. Results were processed in a program CasaXPS. The analysis of
the carbon 1s photoelectron peak indicates that the carbon is not chemically bonded
with the titanium. Since the experimental system was HV clean, the carbon is most

probably caused by exposure of the sample to the atmosphere after deposition.
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

Titanium 2p spectrum consists of two major peaks because of spin—orbit splitting.
These two peaks correspond to TiO». The peaks of other titanium oxides such as TiO
or TioOz are present but are small with respect to TiO2. The XPS spectrum of the film

deposited with introduction of oxygen shows similar results.

4.6. Crystalline structure of TiO, nanoparticle-rich TiO, films

TEM characterization of sample that corresponds to the Fig. 4.12(c) was
performed on Philips CM120ST microscope, working at 100kV high voltage.
Electron diffraction technique (SAED) was used to verify the crystallinity of sample
and crystal size from Debye-Scherrer formula, see Fig. 4.18.

TEM image of the single agglomerated particle is depicted in Fig. 4.17(right).
Nanostructure of agglomerated particles consists of spherical nanoparticles
embedded in the amorphous matrix. Electron diffraction has shown the amorphous
crystalline structure with traces of anatase.

. -

1000 nm
—

"

Fig. 4.17. TEM scans of the agglomerated particle region (left) of the sample that corresponds to the
Fig. 4.12(c) and high resolution structure of agglomerated particle (right).

Electron diffraction measurements exhibit complex mix of phases, part of this
can be associated with cubic structure of Si and also with tetragonal structure of
anatase. Sample has a polycrystalline structure represented by traces of anatase
mixed with amorphous TiO. phase and silicon (111) substrate. The estimated size of

domains is about 4 nm.
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Fig. 4.18. Electron diffraction for zone in Fig. 4.17(right).

In order to carry out more detailed diagnostics of the crystalline structure of
deposited TiO2 films we deposited several samples with thicknesses of several
micrometres on the glass substrates for XRD analysis. Deposition pressure, oxygen
flow rate and distance from the cathode to substrate coincided with the samples in
Fig. 4.12-4.14.

Flowar lq Ta t
Sample

[scecm] [mA] [°C] [min]
S1 100 200 - 180
S2 100 200 400 180
S3 300 200 - 120
S4 300 200 400 120
S5 300 400 - 45
S6 300 400 400 45

Tab. 4.3. Deposition conditions of the samples Symbol meaning: Flowa, — argon flow rate, Iq —

discharge current, T, — annealing temperature, t — deposition time.

Deposition conditions are given in Tab. 4.3. Some of samples were annealed in
a muffle furnace in the atmosphere at the temperature of 400 °C. The crystalline
structure of the samples S1-S6 was analysed by means of Seifert XRD7
diffractometer with parallel-beam geometry, Cu K. radiation and fixed angle of
incidence of x-rays o =5° The non-annealed samples S1 and S3 exhibited
amorphous structure as it is shown in Fig. 4.19(a). Annealing of the samples at the

temperature of 400 °C activated the processes of crystallization (samples S2, S4) in a
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4. Deposition of titanium dioxide nanoparticles by means of HCPJ

form of pure anatase phase. Such results are in agreement with previous reports on
crystallization of TiO2 [57]. The crystalline phase of anatase was confirmed by (101),
(004), (200), (105) and (204) diffraction peaks. The interesting result is the
asymmetrical crystallization of samples S2 and S4. The highest peak of sample S4 is
at 20 = 37.8° which corresponds to the plane (004), while the highest peak of the
sample S2 is at 26 = 25.3° which corresponds to the plane (101).
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Fig. 4.19. XRD patterns of the samples S1-S4 (a) and S5-S6 (b). The Miller indices of anatase and

rutile phases are given.

The samples S5 and S6 exhibit qualitatively different XRD spectrum, see
Fig. 4.19(b). The presence of rutile and anatase crystalline forms was detected in
both samples regardless of annealing. The crystalline rutile phase is the dominant and
was confirmed by (110), (101), (111), (211) and (220) diffraction peaks. The highest
peak is at the 26 = 54.3° and corresponds to the plane (211). Anatase is the less
abundant phase in the samples S5 and S6. It is represented by (101), (004), (200),
(204) and (215) diffraction peaks, where (101) is the highest one. We assume that
such mixture of phases can be explained by plasma-enhanced annealing of the
samples. From the reported TiO2 phase diagrams, e.g. in [58], we can conclude that
samples were affected by the heightened temperature of incoming plasma flow, since
rutile phase shows itself under the temperatures over 600 °C. However, this transition
temperature, in our case, can be different since the processes in HCPJ system, which
under these conditions is operated in the supersonic flow regime [53], are much more
complicated then annealing in the muffle furnace. Rutile is the equilibrium

crystalline form of TiO2, hence the annealing at a temperature of 400 °C can only
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result in a crystallization of the amorphous part of the samples into anatase phase
which was observed on diffraction spectrum of sample S6.
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5. Detection of nanoparticles in a HCPJ

5. Detection of nanoparticles in a HCPJ

HCPJ is not originally constructed as nanoparticle source thus we have to find
the optimal conditions for nanoparticle deposition. Several scientific works related to
the deposition of nanoparticles by means of gas flow sputtering systems e.g. [3,39]
claim that nanoparticles occurs in a gas phase but there are no proofs of this theory
by now. This motivated us to investigate the plasma plume — the place from where
nanoparticles may originate.

The method is based on the detection of the light scattered on nanoparticles. As
incident light sources served diode lasers and detectors were the photodiode, the
optical spectrometer and the digital photo camera. Rayleigh and Mie theory were
used as a basis for description of the results. Instant data acquisition, extremely low
cost [17] and measurement in-situ makes this method favourable to the other
nanoparticle detection methods such as microscopy that was also used in this work.
This investigation was focused on the detection and spatial distribution of
nanoparticles in plasma of HCPJ.

Three lasers with wavelength 446, 632 and 661 nm were used as sources of
polarized, narrow bandwidth light. 2D maps of the scattered light intensity were
assembled from the photo camera pictures at different discharge parameters.
Dependencies of the signal intensity on the O flow rate and wavelength are
discussed. Direct measurements of particle size on the substrate were carried out by
means of scanning electron microscope (SEM) in order to prove the agreement with
theory. Aside from nanoparticles we detected TiO2 columnar structures in deposited
samples. Crystalline structure of the samples was investigated using X-ray diffraction
analysis (XRD).

5.1. Analysis of the discharge optical spectrum

The first idea was to detect continuous thermal spectrum of nanoparticles in
plasma. We assumed that relatively hot nanoparticles will irradiate electro-magnetic
waves in infra-red range of wavelengths. According to Wien's displacement law the

maximum of the continuous spectrum should be at the range of 3 — 5 um under
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assumption that temperature of nanoparticles close to the nozzle could be around
1000 °K.
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Fig. 5.1. The optical spectra of the HCPJ plasma without (top) and with (bottom) introduction of
oxygen inside of the main chamber. Plasma parameters and distance from the cathode nozzle to the

measured point are given in the description to each figure.

According to another theory nanoparticles effectively irradiate light in optical
spectral range. This property is originated from the resonant radiation of free atoms.
For many elements this radiation corresponds to spectral lines located in the optical
spectrum range. The joining of atoms into molecules and nanoparticles lead to
splitting and broadening of these spectral lines, and they are transformed in spectral
bonds for bulk material [59].

To check this theory we used low resolution optical spectrometer connected via

the optic fibre to optical lens. The position of lens was adjusted to capture the signal
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from the middle of the plasma plume. Since spectrometer is limited by the range of
wavelengths from 200 nm up to 1100 nm we were expecting to see at least the “tail”
of the spectrum. The results of the measurements are depicted in Fig. 5.1.
Experiments were carried out with and without oxygen since we assume that
presence of oxygen facilitate nanoparticle nucleation. The conditions of the discharge
are given in a legend, see Fig. 5.1.

Spectra represent superposition of two components — line spectrum of Ar, Ti
and O atoms and developed molecular spectrum of TiO2, Oz and other molecules
and, probably, nanoparticles. Molecular/nanoparticle spectrum is characterized by
much higher density of spectral lines in comparison with atoms. Sometimes these
lines are hardly distinguishing and line density depends on the amount of atoms in
molecule. After a brief analysis of spectra the conclusion can be drawn that the “tail”
of thermal radiation of nanoparticles cannot be detected probably because of the low
sensitivity in IR range. The broad molecular/nanoparticle component of the optical
discharge spectrum is more intensive in a case when oxygen was introduced into the

main chamber. We assume that it can particularly correspond to nanoparticles.

5.2 Detection of the scattered at nanoparticles laser light

Another idea was to detect laser beam scattering at nanoparticles in plasma.
We used red laser diode (632 nm) and photodiode for these purposes. Although the
scattered light was visible by eye, the problem was to separate it from the rest of the
electromagnetic radiation detectable by the photodiode. We modulated the laser
current at the frequency of 1 kHz in order to exclude this radiation, see Fig. 3.7. The
signal was filtered and amplified by means of the electric scheme shown in Fig. 3.12,
Low pass and high pas filters changed the shape of originally rectangular pulses. The
detected signal had a sinusoidal shape, since only the main harmonic (1 kHz) can be
amplified. The value of the scattered signal was measured peak-to-peak by means of
oscilloscope.

Dependencies of the scattered signal intensity on pressure in the main chamber
and discharge current were measured and are shown in Fig. 5.2. In a case of the
pressure dependence the value of the discharge current was 500 mA; dependence on
the discharge current was measured at the pressure of 100 Pa. Error bars characterize
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the scattered signal fluctuations which are comparably small with respect to the
absolute value of the signal.
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Fig. 5.2. The first results of the nanoparticles detection by means of the laser beam scattering.
Dependencies of the scattered signal on the discharge current (black) and the pressure in the main

chamber (red). Mutual laser and discharge parameters are given in the description at the figure.

We tried to minimize the value of the stray light signal which is caused by the
scattering of the laser beam on the surface of the window and reflections from the
chamber walls. The opaque tube around the laser beam insulated it from the detector
field of vision. Orifice that was made of rough black paper was attached to the
window in order to cut the halo of the laser beam caused by the propagation of it
through the optical lens and scattering on the window. The relatively low value of
constant background noise was subtracted from the signal value to obtain the part
which corresponds to the light scattered on nanoparticles.

Results have shown almost linear increase of the signal with both discharge
current and pressure. Discharge current affects the sputtering rate, subsequently
higher concentration of sputtered titanium atoms facilitates nucleation of
nanoparticles overall. Increased pressure positively affects thermalization of hot
nanoparticles and decreases their velocity. These results are in agreement with our
previous results described in section 4.

Measurements that were focused on the change of the scattered signal in time
are depicted in Fig. 5.3. The HCPJ was operated at the discharge current 500 mA, the
Ar flow rate 200 sccm and the pressure 100 Pa. We used an oxygen flow rate as a

parameter to check if it has an influence on the signal.
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Fig. 5.3. The change of scattered signal during 20 minutes of continuous sputtering under different

values of oxygen flow rate.

Results show the signal growth in time independently from the oxygen flow.
The reasons can be similar as were given in explanation of the change of ion signal
detected by the mass spectrometer in time, see Fig. 4.8. The oxidized surface of the
cathode should be cleaned by the ion sputtering. The work function of the cathode
decreases and we have higher emission of electrons and subsequently positive ions
that serve as a driving force in sputtering process. The increase of the signal with
oxygen flow is caused by higher concentration of material that is involved in
nucleation since titanium reacts with oxygen and creates bigger clusters. However,
these dependencies were measured for the red 632 nm laser. Probably, the behaviour
of the signal can be different for another wavelength. The detailed investigation of
the oxygen influence will be discussed further.

Optical spectrum of the scattered blue laser beam (446 nm) is depicted in
Fig. 5.4. Detector was placed at the angle of 160° with respect to propagating laser
beam to detect the back scattered light. HCPJ was operated at discharge current 175
mA, argon flow rate of 200 sccm and 3.5 sccm oxygen flow rate. Measurements
were taken 20 mm below the nozzle at the plasma plume axis. From both curves with
laser beam on the spectra with laser beam off were already subtracted as the
background. The noise around the laser peak on the spectrum with both laser and
discharge on is caused by fluctuations in the discharge. The small peak on the curve
with discharge off corresponds to the stray light that originates from reflections on

the parts of the main chamber (window faces, chamber walls etc.) and can be easily
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subtracted since it has a constant value. From the measured data we conclude that the
detected scattered light has the same wavelength as incident laser light and is
connected with presence of the discharge with nanoparticles. Small shift of the
maximum is explained by the device measurement accuracy. The scattered signal is
mostly given by Rayleigh-Mie scattering. Thomson, Raman and other scattering

mechanisms cannot be measured due to the low resolution and sensitivity of
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Fig. 5.4. Optical spectra of the scattered laser beam with discharge switched on and off.

Simulated polar diagrams of scattered light intensity for nanoparticle sizes
30, 100 and 450 nm and for both parallel and horizontal polarizations are shown in
Fig. 5.5. Diagrams were simulated in MiePlot [27] software using Mie scattering
theory. The intensity is normalized to the maximum that is different for each
diagram. The position of laser and direction of polarization vector is shown in the
diagram that corresponds to nanoparticle size 30 nm. We chose three angles — 20°,
160° and 90° for qualitative characterization of the scattered signal. The refractive
index value of 3.0+0i was used in this simulations, which approximately corresponds
to the titanium dioxide [60].
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Fig. 5.5. Polar diagrams of scattered light (both perpendicular and parallel polarisations) intensities
with graphical explanation of the experiment. Simulation conditions: particle diameters - 30 nm, 100
nm, 450 nm; wavelength - 446 nm (corresponds to the blue laser we used); refractive index - 3.0
(taken from the database). Scattered angles which we used in experiments are described as red arrows.

The centre of polar diagrams is a particle geometrical centre.

The usage of the blue laser in experiments is preferable since the scattering
mechanism is much more sensitive on the short wavelengths even at the lower
sensitivity of the photodiode in a blue range of wavelengths. Results of the
measurements of the dependencies of the scattered signal intensity on the oxygen
flow rate by means of photodiode are shown in Fig. 5.6. The depicted measured
signal is proportional to the scattered light intensity which can be expressed as the
sum over all diameters of particles:

I(H)zdmzain(d)- 1(d,0), (5.1)
Ao
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where n(d) and I(d,6) are concentration and scattering intensity of particles with
diameter d to angle 6.

Our efforts were focused on determination of the optimum conditions for
deposition — when oxygen concentration is not enough for complete titanium
oxidation and not excessively high. Distance from the nozzle outlet to the measuring
place, i.e. distance to the detector was the same as for experiment with optical
spectrometer. Pressure and argon flow rate were 60 Pa and 200 sccm, respectively.

Dependencies are characterized by the presence of the clearly distinguished
maximum. Position of the maximum was almost the same for three different values
of the discharge current and varied in a range of 0.7-1.3 sccm. The position of the
maximum was constant for all experiments. The shape of dependencies is affected by
two competing processes: nanoparticle growth and decreasing of the sputtering rate.
Second process is caused by the electronegativity of oxygen [61]. It is described by
the dissociative attachment of the O, molecules by electrons O, +e — O~ + O and
the recombination of negative oxygen with positive argon ions [62]. The decrease of
the electron density dumps ionization which directly affects the sputtering rate.

One more process that has a negative impact on sputtering rate is oxidation of
the hollow cathode surface — so called “cathode poisoning” [63] that leads to the
increased temperature of the emitting surface and higher cathode work function.

Even in the pure argon we detected a low but clearly distinguishable signal
which indicated that nucleation of nanoparticles occurs even without oxygen. The
process of nanoparticle formation was probably enhanced by the small amount of
oxygen that can be still present in a main chamber, because the oxygen greatly
intensifies the creation of particle seeds.

In a case of pure titanium or weakly oxidized particles the theory becomes

more complicated since metallic particles become nontransparent when their size

exceeds the skin depth described by formula 6 =1/ \/muof . For the titanium with

resistivity ¢ = 4-107 Qm-cm the skin depth calculated for blue laser wavelength is

12 nm and for red laser wavelength 15 nm.
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Fig. 5.6.The dependencies of scattered signal on oxygen flow rate for different discharge currents at
the different scattering angles and vertical laser polarization. Laser parameters: 1 kHz modulation with

50 % duty cycle, average power 140 mW, wavelength 446 nm.

The hollow cathode was weighted before and after several days of exploitation
in order to estimate the approximate titanium sputtering rate and compare it with the

oxygen flow rate. The titanium sputtering rate calculated from the cathode weight
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losses is 5x10*2 atoms-s™ while oxygen flow rate is 1.57x10"° atoms-s™ (recalculated

from 3.5 sccm) hence it exceeds the titanium concentration approximately 30 times.
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Fig. 5.7. Dependencies of the scattered signal measured by means of photodiode on the vertical
position: scattering of horizontally polarized light to 20° and 160° for a) 446 and c) 661 nm; scattering
of horizontally and vertically polarized light to 90° for b) 446 and d) 661 nm. Each dependency is
supported by inset graph with an independent simulation of scattered intensity on particle size. Laser
modulation parameters: duty cycle 70 %, mean power 110 mW. Signal from the blue laser was

normalized to the red laser signal using photodiode sensitivity ratio.

From the formula 2.30 it follows that the light-scattering process is extremely
sensitive to the change of both the nanoparticle size and the incident light wavelength
(exponents 6 and 4 respectively). However, quantitative measurement of the particle
diameter using formula 2.30 is complicated because of the relatively broad particle
size distribution and unknown nanoparticle concentration, which is hard to evaluate
with satisfactory tolerance. Moreover, for the horizontally polarized light the
dependence of Rayleigh scattered light intensity on the scattering angle can be
described as /~/cos?@. This motivated us to carry out the experiments with different
scattering angles and incident laser light wavelengths. Although the construction of
the vacuum system does not allow us to measure the full polar diagram of the

scattered light intensity, we chose the most interesting angles — 90° for the
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investigation of polarization influence and 20° and 160° for forward and backward
light scattering comparison.

The dependencies of the measured scattered signal on the vertical position of
the cathode outlet under different discharge glow conditions are depicted in Fig. 5.7.
Each graph is supported by the simulated theoretical dependencies of scattered
intensity of a single particle on particle diameter for the appropriate scattering angle
and light polarization using MiePlot [27] software. Since we did not measure
refractive index of the nanoparticles, we took 2.8+0i for 661 nm and 3.0+0i for 446
nm from [60] and assumed that nanoparticles have spherical shape, hence, the
simulations may have only qualitative nature. The measurements along the vertical
coordinate were carried out in both up and down directions to check the stability of
the scattered signal. From Fig. 5.7(a) we concluded that intensity of scattered light
signal is much higher at the beginning of sputtering process. It usually takes a few
minutes for the discharge stabilization. The voltage that is necessary to maintain the
constant value of the discharge current is several tens of volts higher at the
beginning, the discharge voltage varies in a range 300+20 V. It is caused by presence
of passive oxidized TiO layer on the surface of the cathode. The common thickness
of the layer is 5-10 nm [54] and depends on the surface porosity. Parts of the passive
TiOz layer can be chipped off because of the cathode heating and affect the scattered
signal. The presence of the oxygen atoms on the surface of the cathode also supports
the nucleation at the initial stage of growth.

Close to the cathode outlet the backward scattered signal is significantly lower
than that forward scattered. This indicates that nanoparticles size range at least
partially exceeds the limits of Rayleigh approximation (upper limit is of ~0.07 ).
Both dependencies of scattering signal to the angle of 90° (Fig. 5.7(b,d)) show a
comparable scattered light signal regardless of laser polarization. However, the
behaviour of horizontal polarization is more unstable for the both red and blue lasers.
We believe that it caused by the shape of the dependencies of scattered intensity on
particles size since it is more flat for vertical polarization i.e. fluctuations in
nanoparticle size affect horizontal polarization much stronger. If we compare
Fig. 5.7(a) and Fig. 5.7(c) two main conclusions can be drawn: for blue laser the
influence of higher concentration of nanoparticles in plasma near the nozzle outlet is
more significant than the lesser particle size; for red laser the situation is completely

opposite since the maximum occurs approximately in the vertical distance 25 mm.
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The ratio between red and blue signal is not constant with respect to the vertical
distance that is in contradiction with Rayleigh theory described by formula 2.36.

Thus, we used Mie theory for the characterization of these results.

5.3 Determination of nanoparticle distribution function

We deposited a series of samples so as to carry out direct measurements of
nanoparticle diameters. The samples were deposited under the same conditions we
used in Fig. 5.7 at the distance of 15, 25, 35 and 45 mm from the nozzle outlet. After
analysis of the samples we can conclude that the deposited thin layers do not reflect
the real picture of nanoparticle distribution in the plasma plume when there are no
extraneous objects in contact with the plasma (substrate and substrate holder). The
intensive working gas flow blows nanoparticles away from the centre to periphery of

the sample.

Fig. 5.8. SEM images of nanoparticles deposited at the distance of 35 mm from the nozzle. The

histograms describe size distribution of nanoparticles fitted by log-normal function.

This effect manifests itself strongly for samples that were deposited close to the
nozzle outlet. Nanoparticles were not found on the sample deposited at a distance of
15 mm from the nozzle. Other samples are characterized by the presence of two
regions each with a different surface morphology: the nanoparticle region and the
columnar structure [64] region. The formation of these structures occurs on the
substrate and nanoparticles might be used as a building material. SEM image of
columnar structures deposited at the distance of 15 mm from the nozzle is shown in
Fig. 5.8(a). The columnar structure region was observed in the centre and the

nanoparticle rich region at the periphery of the sample, see the scheme in Fig. 5.8(a).
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SEM images of the sample deposited at the distance of 35 mm from the nozzle
are shown in Fig. 5.8(b,c). The measurements were taken in different places on the
substrate; the position in Fig. 5.8(b) is closer to the centre of the sample than in
Fig. 5.8(c). The corresponding size distribution histograms with log-normal fit are
added. These histograms will be used as references for comparison of calculated and
measured size distribution functions (SDF).

For the estimation of nanoparticle SDF we used scattered ratio method which is
similar to method described in [65]. The main advantage of this method is that it
allows to exclude an absolute value of nanoparticle concentration as a parameter
since it works with relative quantities. Instead of calculation of nanoparticle SDF
from the ratio between scattered intensities at 90° for vertical and horizontal
polarizations we made use of ratio between scattered intensities for 446 and 661
wavelengths from data in Fig. 5.7. The data were smoothed by the polynomial and
then four ratios were obtained for angles 90° (both polarizations), 160° and 20°. The
allowable error of the measurement was taken as 20 % of scattered intensity. Thus,
the value of each measured scattered ratio rm varied in a range from 0.8 lass / 1.2 lee1
up to 1.2 lase /0.8 lgs1. The calculated scattered ratios r. were obtained from the
simulated dependencies of scattered intensity on nanoparticle size in Fig. 5.7 and the
log-normal SDF fin with mean nanoparticle size x4 and standard deviation o

1 —(Inx—1In w)®
T Xo2m &P 20° '

The value of rc was estimated from the formula

i fln d)- fl446 d
rczz“mi" (D Lol (5.3)

3 £ (d) - Froea(d)

min

f (5.2)

where dmin IS minimal particle diameter, dmax is maximal particle diameter, fis46 and
fiss1 are dependencies of scattered intensity on nanoparticle size at the given
scattering angle and polarization for scattered light wavelengths 446 and 661 nm,
respectively. We were changing the parameters ¢ in a range from 0.01 up to 1 and u
from 1 up to 200 nm in search of the rc which will match ry within the taken error.
The step of mean nanoparticle size and standard deviation was 1 nm and 0.01,

respectively.
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Fig. 5.9 Calculated nanoparticle size distribution functions (SDFs) for the data measured 35 mm from
the cathode outlet (a) and the integral of the scattered intensity at 20°, horizontal polarization and A=
446 nm for two different SDFs (b). The numbers in the legend correspond to the mean value of

nanoparticle size («) and standard deviation (o) of the log-normal SDF, respectively.

[n'l;n] o 120 hor
- 2.06 1.62 - 1.44 - 2.14

76 0.41 1.58 23 2.11 30 1.73 20 1.53 29
62 0.48 1.65 20 2.09 29 1.78 24 1.58 26
56 0.55 1.55 25 1.81 12 1.58 10 1.44 33
39 0.61 1.72 17 2.06 27 1.82 26 1.64 23

30 0.69 1.67 19 1.93 19 1.73 20 1.59 26

Error r Error Error , Error
[% ] 160 hor [% ] 90 hor [% ] 90 vert [% ]

Tab. 5.1. Parameters of the nanoparticle SDFs with calculated scattered ratios and errors. Measured
scattered ratios are given in a second row of the table. The lower indexes of the ratios r indicate the

scattered angle and polarization.

Results of the calculated nanoparticle SDFs for data measured at 35 mm from
the nozzle outlet are shown in Fig. 5.9(a). The results consist of multiple solutions
with different nanoparticle mean sizes and standard deviations that best match to the
measured ratios. The more detailed information about calculated SDFs and errors of
calculation is given in Tab.5.1. The maximal error value of the calculation was
33 %. Calculated mean nanoparticle size varied in a range from 20 up to 80 nm. The
interesting finding was that for the smaller mean nanoparticle size the standard
deviation was bigger. SDFs were scaled to show that the “tails” of distributions are
almost identical. We assume that these “tails” make the main contribution in a
scattered signal and the signal from nanoparticles <50 nm can be neglected. In order
to support this assumption we calculated the integral of scattered intensity at 20° and

=446 nm as a function of maximal nanoparticle size for two different nanoparticle
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SDFs, see Fig. 5.9(b). The nanoparticles below 64 nm for the SDF with 4=30 and
0=0.69 generate only 10 % of the total scattered intensity. The similar results were
obtained for SDF with 4=76 and ¢=0.41, where the value of 10 % of intensity was
generated by all particles with size <68 nm. The ratio between size distributions were
kept as it is shown in Fig. 5.9(a). The total scattered intensity at 20° for SDF with
u=76 and 0=0.41 is only 20 % lesser than one with 4=30 and ¢=0.69.

The calculated results are rather in agreement with measured since the sizes of
nanoparticles varied approximately in the same range. However, for the vertical
distance <25 mm solutions were not found. It can be explained by the significant
difference in the refractive index of nanoparticles since it is temperature dependent
and, probably, the scattering light signal was affected by the discharge radiation or
heightened temperature of the plasma flow. In latter case the imaginary part of the
refractive index might be nonzero. The significant contribution in the light scattering
can be made by the nanoparticles which stuck together in a process of collision
creating agglomerates, which optically behave as one big particle with developed
structure. Such processes caused the error in the characterization of nanoparticle SDF
by Mie theory since it is valid only for spheroid particles

In some cases it is possible to obtain mean nanoparticle size and even SDF
from the analysis of the XRD spectrum, using different methods [66]. All these
methods are based on the shape of the diffraction peaks and are valid when
crystalline domain sizes are identical to nanoparticle size. XRD spectra of the films
deposited at the different vertical distances are shown in Fig. 5.10 together with
anatase and rutile reference lines. The crystallinity of the film decreases with the
increase of the vertical distance until it becomes completely amorphous. Deposited
crystalline films are mostly presented in the rutile phase (R110, R101, R111, R211).
The ratio between anatase and rutile forms increases with increase of the vertical
distance. Anatase shows itself more clearly in a sample deposited at the distance
25 mm from the nozzle (A101, A004). This indicates that the temperature of the
plasma flow is high enough for crystallization since according to reports on TiO>
phase transformation [57,58] the transition from anatase/amorphous film to rutile
occurs at more than 600 °C at low pressure conditions. Temperature measurements of
the plasma plume by means of an optic fibre thermometer were discussed in section
4.2 and proved that temperature can exceed 300 °C (the limit of the thermometer).
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Fig. 5.10. XRD spectra of the films deposited at the different distances from the nozzle with reference

lines of anatase A and rutile R.

Vertical distance Anatase Rutile
[mm] [nm] [nm]
15 11 7
25 12 5.8
35 15 3
45 8 2.1

Tab. 5.2. Anatase and rutile crystalline domain sizes for the samples deposited at the different vertical

distances.

The sizes of crystalline domains were determined for samples deposited at
vertical distances of 15, 25, 35 and 45 mm. Instrumental resolution function was
determined from the measurement of the lanthanum hexaboride (LaBs) standard. The
domain sizes were estimated in program FullProf by means of Reitveld method from
the dimensional broadening of the diffraction peaks. Results are given in Tab. 5.2.
The decreasing sizes of rutile domains and amorphous structure of the sample at the
vertical distance of 80 mm indicate that crystallization probably takes place at the
substrate and is more effective at higher temperature i.e. near to the nozzle. It
indicates that the nanoparticle sizes and crystalline domain sizes in our case are not
connected. Nevertheless, diffraction spectra confirmed titanium dioxide crystalline

phase in the films.
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5.4. 2D maps of the light scattered at the angle 90°

More detailed information about scattered light intensity distribution along the
horizontal axis was obtained using digital photo camera. The complete 2D, i.e.
vertical distance vs horizontal coordinate, intensity maps are shown in Fig. 5.11.
Each 2D map was assembled from 10 horizontal profiles with the step of 5 mm.
Profiles were extracted from photographs (see Fig. 3.7(right)) taken with different
height of the laser beam. . The intensity scale was normalized to the maximum which
is different for each 2D map. The intensity of the scattered light is colour-coded in
the range from 0 (blue) to 1 (red) which corresponds to minimum and maximum of
the intensity. The light from the discharge was subtracted using picture taken with

laser switched off. Photos were saved in RAW format with 14 bit intensity
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Fig. 5.11. 2D profiles of the scattered light intensity distribution measured under different discharge
conditions: a) Discharge current 175 mA, pressure 60 Pa, argon flow 200 sccm, b) discharge current
175 mA, pressure 60 Pa, argon flow 400 sccm, ¢) discharge current 175 mA, pressure 100 Pa, argon

flow 400 sccm, d) discharge current 400 mA, pressure 100 Pa, argon flow 400 sccm.
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resolution. We used Origin 9.1 and Adobe Photoshop CS6 to extract the pixel lines
along the laser beam, convert to grayscale and assemble a 2D map.

In each 2D map we observe the presence of the minimum in a proximity to
plasma axis close to the nozzle outlet. The length of this minimum is mostly affected
by the argon flow rate. Nanoparticles nucleation occurs further from the nozzle outlet
because of high gas velocity near the plasma axis.

In Fig. 5.11(c,d) we observed a clearly distinguishable maximum of the
scattered intensity at the outer layer of the plasma plume. Several physical processes
may cause such particle distribution. The increased flow results in higher gas
concentration inside of the hollow cathode. In this case the radial diffusion rate of
sputtered titanium atoms is decreasing. Increased argon flow may also cause changes
in flow regime that becomes more turbulent. The regime of the flow can be
characterized by Reynolds number that is expressed as Re~pgv, Where pgand v is the
gas density and velocity respectively. The measurements carried out under the
relevant conditions by Bardos et.al. [53] by means of the Prandtl probe showed that
flow velocity exceeded supersonic value in the proximity to the cathode.

Working gas density inside of the hollow cathode is hard to measure since the
inner volume is very small. We assume that it is significantly higher than gas density
inside of the main chamber. Increased turbulence leads to so called turbulent
agglomeration [56] that strongly affects nanoparticle growth and clustering process.
Better cooling of nanoparticles by means of working gas and cold oxygen atoms
produces an additional impact that makes outer layer of plasma plume more
favourable for synthesis of nanoparticles. This effect was discussed in [3] and
section 4.4 where we found the reflection of such nanoparticle distribution in our

deposited samples.

5.5. Titanium dioxide columnar structures in samples deposited for the

nanoparticle size characterization.

The thin films structure of the samples with deposition parameters that
correspond to Fig. 5.11(a) is depicted in Fig. 5.12. Morphology of the films which
were deposited at the distances <35 mm from the nozzle is characterized by the spiky
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columnar structures, see Fig. 5.12(a). In Fig. 5.12(b), which shows SEM image of
the film deposited 45 mm from the nozzle, the spiky columnar structures are
surrounded by the flat film. In the film deposited at a distance of 80 mm from the
nozzle these spiky structures were not observed. We assume that the growth of spiky
columns is facilitated by the interaction of a substrate with plasma plume.

The main factors of such growth are - in our opinion - intensive gas flow and
heightened temperature. A gas flow greatly increases the migration of the deposited
atoms/nanoparticles along the surface of the substrate. This helps them to find the
place with the minimum of free energy i.e. launches processes of a self-organization.
Probably, nanoparticles can serve as building blocks for the growth of these
structures. In addition, the heightened temperature near the nozzle might cause the
significant impact on the structure of the films. From the Fig. 5.10 it is clear that the
samples with a dominant region of the spiky columnar structures, especially for
sample which was deposited at the distance of 10 mm from the nozzle, are highly
crystallised and the dominant crystalline phase is rutile. It indicates that these
columnar structures are represented by the rutile phase. The similar rutile columnar

structures were deposited by RF magnetron sputtering in [64], which supports this

assumption.

Fig. 5.12. Columnar structures we obtained under the same discharge conditions as in Fig. 5.11(a)

under a different cathode-to-substrate separation: a - 15 mm; b - 45 mm; ¢ - 80 mm.
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Fig. 5.13. SEM images of a) place near the scratch of columnar-structures-rich sample c) a transition

region between the columnar-structure-rich and nanoparticle-rich regions of the sample.

The SEM image of the place near the scratch is given in Fig. 5.13(a). It shows
that columnar structures have a bad adhesion to each other and can be easily
detached. Fig. 5.13(b) exhibits the transition between columnar structure region and

nanoparticle region. Nanoparticles are marked by the white circles.
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6. The efficiency of titanium dioxide layers in dye-sensitized

solar cells.

Dye sensitized solar cell (DSSC) technology provides an economical pathway
to promote the photovoltaic technologies while conversion efficiencies reached up
13% [7]. Semiconductors such as ZnO, SnO; and chalcogenides have been
extensively studied as photoelectrodes due to their wide application in energy storage
and environmental remediation. However, the titanium dioxide was recognized as a
best solution for fabrication of the photo electrode in spite of its low electron transfer
and enhanced charge recombination, because of its high stability and chemical
resistance.

In DSSC system, a mesoporous TiO thin layer provides a large surface area
for the chemisorption of dye on the surface of the photo electrode. The typical
thickness of a photo sensitive layer is in a range of units up to tens of um. The most
widely spread method of photo electrode production is sol-gel [67] process which
allows to obtain mesoporous films with 20 nm diameter particles and porosity of
50 %, which can absorb the entire incident light and their power conversion
efficiency can reach 11.2 % [13]. However, this is not single solution for the
optimization of the surface area of the photo electrode [68]. The need for absorbing
more light in DSSC was the driving force behind the development of mesoscopic
semiconductor material.

The aim of this investigation was to evaluate the efficiency of TiO; thin layers
deposited by means of the hollow cathode plasma jet in DSSCs produced from the
low-cost materials. These results will show the perspective of the further

investigation.

6.1. Deposition of the metal-oxide films in DC regime with supporting

anode

For the deposition of non-conductive coatings the RF powered sputtering
systems are commonly used because of several crucial advantages over DC powered

systems. Among them is the possibility of the sputtering of non-conductive materials,
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where there is no disappearing anode problem and the charge is not accumulating on
the chamber walls or other inner parts of the vacuum system. However, DC
discharge is much easier to exploit as it performs in stable deposition conditions with
a well-defined cathode sputtering area and does not interfere with other electrical
devices. In the case of short-term deposition of non-conductive thin films there were
no issues with the HCPJ exploitation in DC regime (film thickness from several tens
up to hundreds nanometres). The problems arose during a long-term deposition of
titania thin film lasting several hours when the inner surfaces of the main chamber
were gradually coated by a non-conductive layer. This resulted in the effective
insulation of the anode followed by the interruption of a discharge. This effect was
monitored as a decrease of the potential of any floating part immersed in the
discharge, e.g. the floating sampling orifice of the mass-spectrometer. In some cases
this resulted in the random migration of the anode's active part (i.e. the part carrying
the discharge current) over the conductive parts inside of the main chamber, e.g. the
sample holder, shutter, table, etc., depending on their distance from the cathode and
the thickness of the insulation layer.

The TiO2 photo electrode in DSSC has to be relatively thick, its thickness
varies from units up to tens of um. If we take into account the relatively low
deposition rate, which reaches maximally several nm-s?, the stability of the
discharge during long deposition becomes an acute problem. To make the discharge
stable, we introduced into the deposition chamber a supporting anode which was
slightly positive with respect to the ground and therefore drained almost the whole

water
cooling

ceramic i
shield [/ /
\ Substrate
copper
cooler
0O,
—>
+18Vo E N| .
J_ \ Anode glow —
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Fig. 6.1. The scheme of the HCPJ sputtering system with supporting electrode for deposition of metal -
oxide films in DC mode (left) and photo of the system during the deposition (right).
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electron current from the discharge.

The supporting anode was installed below the substrate holder as it is shown in
Fig. 6.1. The supporting electrode is a cylindrical iron wire insulated by the ceramic
shielding tube. The active part of the anode is 7 mm long and 1 mm in diameter. The
anode was positively biased with respect to the ground (+18 V) by Agilent E3633A
DC power supply that also enabled us to measure the supporting anode current
separately from the cathode current. During the deposition the anode was
continuously heated by the electron and, probably, negative ion (O-) currents which
prevented the loss of conductivity. This supporting anode drained almost the whole
current from plasma because of its positive bias and sharp geometry, which created
the high electric field lines in front of its tip. The anodic instabilities due to the
probable double layer formation around the supporting electrode did not cause
fluctuations of the discharge current greater than 5 %. Consequently, we assumed
that the influence of current fluctuations on the deposition process can be neglected.

The presence of the heated supporting anode may cause the uncontrolled
doping of the TiO> thin layer by evaporated iron atoms (anode material). The EDX
analysis was carried out in order to make sure that the elemental composition of the
film corresponds to the pure titanium dioxide, see Fig. 6.2. The iron L., K, and Kg
lines are marked as references. The magnitude of the signal at the position of the iron

reference lines remains at the level of noise. The presence of the silicon on the

Ti
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Fig. 6.2. EDX spectrum of the sample deposited with supporting anode with iron reference lines.
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spectrum indicates that the penetration depth of this method is deeper than the
thickness of the film and that we have detected the substrate. A small carbon peak
corresponds to the impurities that emerged after the exposure of the sample to the
atmosphere. It has been proven experimentally by XPS measurements of the samples

deposited at the relevant conditions [3].

6.2. Investigation of factors which affect the efficiency of DSSCs

The main functional components of dye-sensitized solar cell are the photo
electrode, dye-sensitizer, counter electrode and electrolyte.

First test TiO2 photo electrodes we fabricated at the same conditions as were
used in section 5.2 in order to make these experiments connected with the rest of
results. The dimensions of electrodes we prepared were 17x15x2 mm. We deposited
4 photo electrodes at the distances 15, 25, 35 and 45 mm from the cathode nozzle,
other conditions are given in the description of the Fig. 5.9. The closest sample had a
problem with adhesion of the TiO layer with electrode because it was overheated
and as a result exfoliated. The layer of TiO2 was inhomogeneous for the same
reasons as were discussed in section 5.2. We tried to keep the constant thickness of
the layers which was 18 um.

The possible pigments to improve the photocathode sensitivity in a range of
visible wavelengths are natural dyes, e.g. chlorophyll, carotenoid, flavonoid and
anthocyanin, that are relatively easy to extract from natural products compared to
synthetic dyes [69]. In our case the first photo electrodes were immersed in an
aqueous solution of hibiscus for 10 minutes. The examples of the application of
hibiscus in DSSC are given in [70-72].

An ideal counter electrode should have low electrical resistance and high
electro catalytic activity towards the iodide/triiodide redox reaction, being stable and
optionally transparent. For highly efficient DSSC the thin Pt layer is used as a
catalyst for the reaction of reduction of iodine due to its superior catalytic activity
and chemical stability. We made use of carbon (graphite) because it is cheap and the
process of counter electrode fabrication is much easier.

The electrolyte provides the internal electric ion conductivity in DSSC by

diffusing within the porous TiO. layer and therefore it plays an important role in
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determining the cell performance. In our case we used ethylene glycol with addition
of I ions.

Photovoltaic tests were carried out by measuring the I-V characteristic under
simulated AM 1.5 G solar illumination at 100 mW-cm™. Since the photocurrent is
proportional the solar cell surface area the current density is plotted in I-V
characteristics. The results are shown in Fig. 6.3.
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Fig. 6.3. I-V characteristics of the first assembled solar cells. The photo electrode of the solar cell was

deposited 25 mm (red) and 45 mm (black) from the nozzle outlet.

The value of the short current density which was calculated from the solar cell
active area and total cell current is Js =35 pA/cm? and open circuit voltage
Uoc = 0.2 V for both solar cells. The calculated efficiency from formula (2.35) and
the fill factor from formula (2.36) were # ~ 0.0004 % and FF =~ 50 % respectively.
The calculations might have a high error since we had only three measured points in
a forth quadrant of the characteristics.

The main problems we faced during the assembly and measurement of test
cells were contacts between wires and transparent ITO electrodes and bad adhesion
of TiO film with ITO layer after the immersion of photo electrodes in a hibiscus
solution.

To improve electric contacts the small part of photo electrodes was covered by
Al foil during the deposition and remained clean. The contact with bigger area was

created by aluminium foil pressed to this ITO area, which is marked as “*” in Fig.
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6.4. We used the whole glass electrode to make it easier to assemble and manipulate.
The photos of counter electrode (a), photo electrode (b) and dye sensitized photo
electrode (c) are shown in Fig. 6.4. The results of photovoltaic tests with improved

cells are depicted in Fig. 6.5.
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Fig. 6.4. The photo of counter (a) and photo electrodes (b). The photo electrode after immersion in

hibiscus mixture (c). The places for electric contact are marked as “*”.
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Fig. 6.5. 1-V characteristics of the second series of solar cells (left) and dependencies of the produced
power on cell voltage (right). Photo electrodes were deposited at the vertical distance of 25, 35 and

45 mm for DSSC samples F2, F3 and F4, respectively.

The sample F2 deposited at the vertical distance of 25 mm from the cathode
did not perform well, probably, because of the bad adhesion of the TiO2 with
conductive ITO layer caused by the higher plasma temperature at this position. The
efficiency of samples F3 and F4 was 0.009 % and 0.01 %; the fill factor 41 % and
38 %, respectively.

To achieve a higher cell efficiency an alternative counter electrode covered the
by carbon soot was used instead of the graphite from the pencil lead. Carbon layer
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Fig. 6.6. The fourth quadrant of I-V characteristics with different dye sensitizer and counter electrode

(left). The carbon black counter electrode (right).

was created on the counter electrode using the candle. The analysis of the candle soot

produced from candle wax is given in [73]. The candle soot is treated as a cheap

alternative to the carbon black. It is easy to produce in the laboratory but it contains

unburned hydrocarbons as impurities. Examples of the carbon black application in

DSSCs are given in review [74]. Samples of soot counter electrodes were prepared

with two thicknesses: the nontransparent were 10 um thick and the transparent 1 pm.

Uoc Jsc FF n Rs
Sample

[Vl [mA/em?]  [%] [%] [Q]
Hibiscus + pencil 0.132  0.098 21 0.0028 642
Raspberry + pencil 0.367 0.118 15 0.0066 2525
Hibiscus + transparent soot 0.330 0.630 26 0.054 414
Raspberry + transparent soot 0.350 0.573 32 0.064 490
Hibiscus + non transparent soot ~ 0.306  0.927 27 0.0763 255

Tab. 6.1. Parameters of the solar cells with 1-V characteristics described in Fig. 6.6.

The TiO> layers were deposited for 10 hours under the laminar flow conditions:

p=20 Pa, flowa=100 sccm, flowo,=3 sccm, 1=300 mA and h=30 mm. We also added
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the second natural dye made of raspberries. Moreover, photo electrodes were
annealed in muffle furnace at the atmospheric conditions under 400 °C. In section 4.6
it was shown that such annealing causes the phase transformation to anatase which
has better light absorption in UV region.

The fourth quadrant of the 1-V characteristic and the photo of the carbon soot
counter electrode are shown in Fig. 6.6. The combinations of counter electrode and
dye used are marked in the legend.

From Fig. 6.6 and Tab. 6.1 we made a several significant conclusions. The
dependence of the open circuit voltage on a type of counter electrode did not show a
clear result. On the contrary, the use of different counter electrodes has shown the
clear effect on the total cell current — with increase of a carbon thickness we achieved
higher Isc values which is in agreement with reported results [75]. It can be explained
by the larger active surface of the electrode which affects the reduction rate of I3~
ions, see section 3.5. A raspberry dye has shown slightly better conversion
efficiency. Solar cells had a low fill factor which we explain by the higher electrode
sheet resistance of used ITO electrodes. The series resistance of solar cells was
calculated from the fourth quadrant using the area under I-V curve

kT
Rein =2 U°°—i2—b7-i , (6.1)
' JSC JSC q JSC

where A is an area under 1-V curve in fourth quadrant, see Fig. 6.7. The second
method of estimation of this quantity is calculation from the shift of the Jsc under the
different illumination. The principle of the estimation is shown in the third quadrant
of Fig. 6.7. The series resistance is estimated from the formula

AU,
Al

. (6.2)

S

R -

Used quantities AUz and AJsc are graphically explained in Fig. 6.7. The third method
is based on the estimation of dU/dl from the linear part of the I-V curve in the first
quadrant at dark conditions, which was not measured. First two methods are in
agreement with each other. Estimated values of series resistance and are similar:
391 Q from the fourth quadrant and 386 Q from the third quadrant. The series
resistances of tested solar cells had high values and badly affected their efficiency.
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Usual value of series resistance in high-efficient solar cells varies in a range from
units up to several tens of Ohm.

Not only the serial but also the shunt resistance has an influence on the
efficiency of solar cell. First we tried to improve the shunt resistance value which
should be as high as possible. Shunt resistance characterizes the interconnection
between conductive ITO layers of counter and photo electrodes. To make this
resistance higher we defined the distance between electrodes by surrounding the
photo-active layer by the insulation tape. The results are given in Fig. 6.7. The value
of shunt resistance is estimated from dU/dl at U=0 (green line) using I-V
characteristic measured under a dark conditions (red curve). Its value was ~100 kQ

(green line), which indicated the absence of interconnection between electrodes.

o illuminated € 097
O dark ﬁ
E 0.6
=
0.3

Fig. 6.7. The repetition of the measured hibiscus + non transparent soot I-V characteristic with

improved parallel resistance.

The series resistance problem is much harder to solve. From the reported data
[76] small size solar cells are used to obtain a high conversion efficiency in
nonindustrial studies. Less than 1 % efficiency has been achieved when 10x10 cm?
large-scale cell has been fabricated with the transparent conductive oxide film but
without the collecting electrode [76]. Collecting electrodes are used to connect
several smaller solar cells in parallel to decrease the series resistance of transparent
conductive oxide layer. Therefore, the sheet resistance Rito of our ITO layer plays

the important role. It represents additional series resistance in the cell
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LSC
RT = RITO 'W’ (6-3)

where W is the width and L is the length of solar cell. The ITO layer on the top of the
glass has the sheet resistance of 10 Q. In order to minimize the series resistance

effect the active area of solar cells was decreased which promised also to improve

their FF. The active area varied from 0.21 cm? up to 0.49 cm?,

Fig. 6.8. SEM surface scans of the TiO; layer of the photo electrode deposited under 1=300 mA,
p=25 Pa, Flowa=120 sccm, Flowo,=3 sccm, h=35 mm. Deposition lasted 6 hours.

Surfaces of both photo and counter electrodes were investigated by means of
SEM. Nanocracks were observed on the surface of photo electrode, as shown in

Fig. 6.8. They were probably created by the thermal expansion of the glass substrate.
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Fig. 6.9. SEM cross section scan TiO; layer of the counter electrode deposited by means of the candle.

The TiO2 film was deposited in a form of columnar structures that are tightly
connected with each other, see Fig. 6.9. The ITO layer was clearly distinguishable
and had a thickness of about 730 nm. The scan of carbon black layer is depicted in
Fig. 6.10. It consists of the thick layer of carbon nanoparticles with diameter of
several tens of nm. Such nanostructure has an extremely high effective area and
subsequently serves as a good catalyst for reduction of Is".
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Fig. 6.10. SEM surface scans of the carbon black layer of the counter electrode deposited by means of

the candle.

To check the purity of the carbon soot layer the EDX measurement was carried
out, see Fig. 6.11. This method does not show the chemical bonds between atoms in
the film, however, the rough concentration of each element can be obtained. The
highest peak corresponds to the carbon (red reference line). The second highest peak
belongs to the developed spectrum of indium and is overlapped with tin which both
correspond to ITO layer. The presence of silicon indicates that the glass substrate

was detected.
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Fig. 6.11. EDX patterns of the carbon soot layer on the top of the counter electrode.

The method of the measurement of |-V characteristics was significantly
improved using the precision source/measuring unit Keysight B2901A connected to
PC. In this case the usage of the voltage divider in the electrical scheme shown in

Fig. 2.12 was not necessary.

95



6. The efficiency of titanium dioxide layers in dye-sensitized solar cells.

-3.0 1
— L1
—_— L2
-2.54 L3
—_— L4
L5
-2.0 1
€
b -1.54
£
Law]
-1.0
-0.5 4
0.0 T T T T
0.0 0.1 0.2 0.3 0.4

U V]

Fig. 6.12. Fourth quadrant of the I-V characteristics of DSSCsamples L1, L2, L3, L4 and L5.
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Fig. 6.13. 1-V characteristics of the solar cell at dark, 46 % and 100 % of AM 1.5 G illumination
power (left) and the first quadrant of 1-V characteristics of the samples given in Tab. 6.2 (right).

Dye- AA TiOz thickness s Uoc FF 7, Rs,
Ne  sensitizer [cm?] [um)] [mA] [V] [%] [%] [Q]
L1  rapsberry 0.21 20 272 0393 61.7 0.66 10.9
L2  hibiscus  0.22 20 288 0.370 60.6 0.64 11.0
L3  hibiscus  0.48 20 203 0391 61 048 185
L4  rapsberry  0.49 54 27 0355 423 041 227
L5  hibiscus  0.36 54 253 0350 374 033 214

Tab. 6.2. Parameters of solar cells with a different active area AA, TiO; thickness and improved series

resistance.
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TiO2 photo electrodes were deposited with two thicknesses: 5.4 pm and 20 um.
Deposition lasted 6 hours and 22 hours, respectively, under 1=300 mA,
flowar=120 sccm and p=25 Pa.

I-V characteristics of the DSSC samples with different surface area and
improved series resistance are depicted in Fig. 6.12 and 6.13. The parameters of solar
cells are shown in Tab. 6.2. The aforementioned improvements resulted in almost
one order better conversion efficiency of the solar cells. The maximum of conversion
efficiency was 0.66 % for the sample with 0.21 cm? active area AA, raspberry dye
and thickness of 20 um. In comparison with other relevant results with given natural
dyes [70,71], higher results were achieved in [72], n = 1.5 % with raspberry dye and
n =0.75 % with hibiscus dye. However, in this work the Pt counter electrode was
used which is much better but more expensive photo catalyst than carbon soot.

Samples with lower active area performed much better series resistance which
was calculated from the slope of the linear part of I-V characteristics measured in the
dark from the first quadrant, see Fig. 6.13 (right). The series resistance was greatly
improved in comparison with our previous samples with larger active area. Higher
thickness of the TiO film of 20 um had also positive effect on the conversion
efficiency. It is explained by the better light absorption. However, thicker films have
higher probability of the electron recombination, thus the thickness of TiO> layer is
the parameter that should be optimized to achieve the highest light conversion
efficiency. Samples with TiO> layer thickness of 20 um have much better fill factor

which is comparable to commercial solar cells.
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7. Conclusions

In this work we have investigated deposition of Ti and TiO2 thin films by
means of the DC hollow cathode plasma jet. The broad variety of parameters which
are involved in the deposition process makes possible to obtain thin layers with
different surface morphology. Unlike other deposition techniques based on the ion
sputtering, the plasma jet has a continuous flow of gas. This allowed us to achieve
higher chemical purity of the thin films and softer control of the deposition
conditions.

The investigation of thin films was carried out from the point of view of
processes in plasma, since plasma is a source of the sputtering matter. Experimental
system was equipped by the cylindrical Langmuir probe and quadrupole mass
spectrometer.

The Langmuir probe diagnostics was focused on turbulent regime of the flow
since laminar regime has been already investigated in [50]. We were interested in a
distribution of the electron density, charged particle temperature and plasma potential
along the horizontal axis at the position of the deposited samples. The important
conclusions about the impact of plasma on the surface morphology based on the
measured ion and electron temperature and charge concentration are given in section
4. The electron energy is at rather low level (~0.3 eV) at the place of thin film
deposition. At used pressure range the ion energy is much lower than the electron
energy in HCPJ plasma since the momentum transfer between neutral atoms and ions
is much more effective and is of the same order as the neutral gas temperature. We
assume that plasma has more significant effect on nanoparticle charge since at high
values of the discharge current the value of electron concentration reaches 10*® m at
the neutral pressure of 100 Pa. Nanoparticles which are located in a highly ionized
plasma plume region can be negatively charged due to the higher electron mobility.
In this case their dynamics is affected by the electric field.

The ion composition in the discharge was measured by quadruple mass
spectrometer. Time resolved measurements of the plasma composition and positive
ion mass spectrum were discussed in section 4.3. The main conclusion concerned the
unstable behaviour of the sputtering rate during the first minutes of sputtering and the
purity of the experiment. The signal from impurities was exponentially decreasing in

time because pure titanium layers effectively absorb active gases.
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Another important parameter of a deposition process is the neutral gas
temperature. It plays a crucial role in formation of nanoparticles in plasma plume and
affects the structure of deposited thin layers. The used fibre optic thermometer is
described in section 3.3. We have measured neutral gas temperature in both laminar
and turbulent regimes under the different values of the gas flow rate, discharge
current, pressure and vertical position of HCPJ. The high value of the temperature
gradient along horizontal plasma axis was observed in a turbulent regime of the flow.
In some experiments the temperature was high enough to launch the process of
annealing and crystallization of the thin films. The upper temperature of 300 °C
limits thermometer usage near the nozzle exit and at high discharge currents.

The thin films investigation was focused on characterization of the
morphology, chemical composition and crystalline structure of titanium and titanium
dioxide thin layers. We have confirmed that HCPJ can be used as a nanoparticle
source. Morphology was studied by means of AFM and SEM. Results which were
obtained in pure argon have shown a presence of nanoparticles with the mean
diameter of several tens nm. In some of samples we observed the presence of bigger
group of nanoparticles with diameter 80-110 nm.

The dependencies of the root mean square roughness and nanoparticle size of
thin films on the working gas flow rate and discharge current were investigated. Both
particle size and root mean square roughness gradually increased with argon flow
rate. Dependencies on discharge current have shown the decrease of particle size
with current and undefined root mean square roughness dependency. Explanation of
these results was based on the influence of high temperature; the respective
considerations were discussed in detail in section 4.3. Samples deposited at high flow
rates were inhomogeneous. In the centre of the sample small nanoparticles (several
tens of nm in diameter) were observed while large agglomerated particles (several
hundreds of nm in diameter) were found in the periphery of the sample. The possible
reasons of such structure were discussed in terms of flow dynamics and temperature
at the end of section 4.3.

The chemical composition of the surface of samples deposited by Ti and TiOx
layers was studied by X-ray photoelectron spectroscopy. Together with the titanium
and oxygen the carbon atoms were detected but the peak corresponding to chemical
bond of carbon with titanium was not present. From this fact we concluded that the

carbon content originated from the exposure of the sample to air atmosphere after
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deposition. Consequently, the deposited films were of high purity. The pure Ti and
TiOx deposited layers showed almost identical XPS spectra since the Ti sample
surface was oxidized almost instantly after the exposure to the air.

Energy dispersive analysis was carried out in order to prove that stoichiometry
of thin films corresponds to titanium dioxide. The results have shown that even
relatively small oxygen flow rate of 0.5 sccm is enough for complete oxidation of
titanium. Results of XPS and EDX measurements are given in section 4.5.

The crystalline structure of the films was studied using XRD technique. The
results indicated that crystallisation occurred when the deposited film was in contact
with plasma at the high values of the discharge current and working gas flow rate. At
these conditions TiO> films contained both rutile and anatase phases. Rutile phase
was dominant. The films which were deposited at the low flow rates below 120 sccm
were amorphous. However, after annealing in a muffle furnace they turned into pure
polycrystalline anatase. The crystallinity studies were discussed in detail in sections
4.6 and 5.4.

During long depositions of titanium dioxide thin films we faced with a problem
of discharge stability. It was caused by covering of anode, represented by the
grounded discharge chamber and its internal metal parts, by the nonconductive TiO>
layer. This caused a problem with the charge outflow. Sometimes the current was
concentrated on a small area which was heated by this flow. To prevent uncontrolled
migration of this anode active part along the surface of the main chamber we
introduced the supporting anode with a small positive bias which was preferred by
the discharge.

The aggregation of nanoparticles in a plasma plume was studied using a new
technique based on scattering of the laser beam on nanoparticles in plasma. We have
constructed comparatively cheap and simple experimental set up which consisted of
red or blue laser diode powered in pulsed regime at 1 kHz and three detectors:
photodiode, optical spectrometer and digital photo camera. We detected the polarized
light scattered to characteristic directions, compared results with the scattering theory
and found out how different parameters affect the intensity of scattered signal. We
also attempted to estimate the particle sizes from the measured scattered light
intensities using scattering ratio method.

The presence of nanoparticles on samples deposited at the same conditions as

were used for experiments with laser light scattering was investigated by means of
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SEM. From SEM images the sizes of nanoparticles were calculated and compared
with sizes from the laser scattering. We concluded that calculated results are rather in
agreement with those measured by SEM. Nanoparticles were not detected on
samples which were close to the cathode nozzle; presumably they were removed by
the intensive argon flow. The observed rutile columnar structure motivated the
structural analysis of the deposited thin films. The crystallinity was represented
mostly by the rutile phase and had a tendency to decrease with increase of cathode-
to-substrate separation. This was explained in terms of temperature influence. The
results and discussions are given in section 5.

The majority of photo electrodes for dye-sensitized solar cells use titanium
dioxide layer, which is their main functional part. We tested thin TiO. layers
deposited by HCPJ in solar cells. Samples of DSSCs for photovoltaic test were
assembled from low-cost materials. The maximum of conversion efficiency and fill
factor was 0.66 % and 62 %, respectively. These results indicated the high

perspective of further investigation.
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List of used symbols

d
dr
dn

f(e)

fe

FF
flowar

ﬂOWoz

particle diameter

density of film

the length of cathode voltage drop

density of quartz

electric field strength

electron charge

light frequency

electron energy distribution function (EEDF)
the resonant frequency of loaded crystal

fill factor

argon flow

oxygen flow

resonant frequency of unplated crystal

the ratio of the mean interparticle potential energy to the mean plasma
Kinetic energy

magnetic field strength

vertical distance between the sample/measuring point and the cathode
nozzle

current

intensity of scattered light

scattering intensity of nanoparticles with diameter d at the angle 0
discharge current

horizontally polarized intensity

electron flow to the probe

ion flow to the probe

vertically polarized intensity

the short current

current density

ion current density

normal current density

electron current density

dimensionless shape factor
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Rsh

Boltzmann constant

the characteristic dimension of plasma
length of solar cell

Langmuir probe length

thickness of quartz crystal

electron charge and mass

particle density

refractive index

concentration of nanoparticles with diameter d
electron density

electron density in Debye sphere

ion density

density of neutral atoms

the frequency constant for quartz crystal

induced dipole moment

pressure
the power input to the cell

the light power

resistance

Debye radius

Reynolds number

energy of the ground state of a hydrogen atom
probe radius

probe with electric sheath radius

shunt resistance of solar cell

series resistance of solar cell

probe surface area

temperature

electron temperature

thin film thickness

ion temperature

neutral gas temperature

voltage

discharge voltage
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Us
Uoc
Up
Usp
Vv
Va
Ven
Vi
W

a

p
y

floating potential

the open circuit voltage

probe potential

plasma potential

particle volume

anode fall

is normal cathode voltage drop
cathode fall

width of solar cell

polarizability of the particle

the line broadening at half the maximum intensity

the angle between the scattered dipole moment and the direction of

observation

Yi

Ven

Vpe

Py

the ion-electron secondary emission coefficient

skin effect thickness

electron energy

particle permittivity
permittivity of the vacuum
conversion efficiency
scattering angle

wavelength

Debye length

particle permeability

the ion mobility

shear module of deposited film
shear module of quartz crystal
mean electron velocity

gas velocity

electron-neutral collision frequency
plasma frequency

charge density

gas density

particle conductivity

mean size of the ordered (crystalline) domains
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® electrical potential
) angular frequency
Wpe plasma frequency
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TiO, nanoparticles are being investigated in this work. Nanoparticles were obtained in

Ar plasma on monocrystaline Si(111) substrate by means of a gas-phase deposition using

a low pressure hollow cathode plasma jet. The material of the cathode is pure titanium.
Oxygen was introduced separately from argon through an inlet in the chamber. The
nanoparticle growth mechanism is qualitatively discussed. The morphology of the surfaces
of thin films was investigated by an atomic force microscope. The chemical composition of
the thin films was investigated by means of an energy-dispersive x-ray analysis and x-ray
photoelectron spectroscopy. A cylindrical Langmuir probe and a fiber optic thermometer
was used for measurements of plasma parameters and neutral gas temperature respectively.
The relationship between plasma parameters and the films’ morphology is particularly

explained.

Keywords: nanoparticles, hollow cathode plasma jet, Langmuir probe, titanium dioxide,

fiberoptic thermometer

(Some figures may appear in colour only in the online journal)

1. Introduction

The synthesis of nanoparticles is currently the basis of nano-
technology. Generally particles with a size ranging from 1 to
100nm are called nanoparticles. The application of nanopar-
ticles is growing rapidly in nanoscale science and engineering.
Such properties of nanoparticles as surface to volume ratio,
quantum confinement, and surface atom arrangement are of
great importance. By controlling the size of nanoparticles in
materials we can obtain new properties.

In recent years a number of techniques for nanoparticle syn-
thesis have been developed. The most widespread techniques
of gas-phase nanoparticle synthesis using evaporation of solid
material are: pulsed laser ablation, spark discharge generation,
inert gas condensation and ion sputtering. Gas-phase methods
are based on achieving the supersaturation necessary to start
the nucleation of nanoparticles [1, 2]. A review on plasma

0963-0252/15/035025+10$33.00

nanofabrication can be found in [3]. In plasma jets have been,
e.g. deposited the ZnO [4], WO [5] or Fe films [6].

Because of their photocatalytic properties which can be
tested by e.g. dye decomposition [7], TiO, nanoparticles have
applications in different fields of technology. They are used in
biomedical research [8], as well as in environmental applica-
tions for the photocatalytic treatment of wastewater [9] and
pesticide degradation [10]. Nanoparticles of TiO, dissociate
the water molecule to produce hydrogen. The TiO; is used
for dye production in industry [11]. The crystalline structure
of TiO, has three polymorphs: anatase (tetragonal), rutile
(tetragonal), and brookite (orthorhombic). The investigation
of anatase photocatalytic activity is of great interest, e.g. for
CO; reduction [12]. Experiments have shown that using TiO,
as a photocatalyst in the form of nanoparticles is more effec-
tive than bulk material [11]. Nanostructured TiO, films have
been modified using plasma in [13].

© 2015 IOP Publishing Ltd  Printed in the UK
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Figure 1. The scheme of the vacuum system for plasma diagnostics and thin film deposition by means of a hollow cathode plasma jet in
the dc regime (left) and a photograph of the burning discharge (right). The UHV chamber is not shown.

This article deals with the ion sputtering deposition of TiO,
nanoparticles by means of a hollow cathode plasma jet (HCPJ).
The key part of the HCPJ is the tubular electrode—a nozzle
that works as a hollow cathode—through which the working
gas, typically argon flows, and which is attached to a power
source. The HCPIJ utilizes the hollow cathode effects, namely
pendulum electrons and the uv-radiation, to create a high den-
sity plasma discharge. HCPJ can be utilized in wide range
of pressures: from low (0.1 Pa) up to atmospheric pressure
[14]. The advantage of low pressure HCPJ is the possibility
to use the dc discharge, which is more simple with respect to
RF. The use of HCPJ for nanoparticle deposition is based on
sputtering the material from the inner cathode surface by ions
which gain energy from the cathode fall. In comparison with
the more commonly used magnetron sputtering it has some
significant advantages in the production of nanoparticles. The
space inside the hollow cathode with its heightened pressure
serves as a space for nanoparticle nucleation. To achieve this
with a magnetron an aggregation chamber provided by dif-
ferential pumping is necessary [15]. Moreover, the velocity
of a working buffer gas can be adjusted via its flow rate [16,
17]. This influences the resident time of nanoparticles inside
and outside of the hollow cathode and, consequently, influ-
ences the size of the nanoparticles deposited on the substrate.
The deposition process by means of HCPJ is covered in more
detail in [18, 19].

This work describes our investigation of the relationship
between the inhomogeneous parameters of the plasma plume
generated by HCPJ and the properties of the nanomaterial
deposited onto the substrate. Similar conditions were used in
[6] for the deposition of Fe nanoparticles. The processes of
deposition were partially explained. In our work we studied
the distribution of nanoparticles on the substrate and added
plasma diagnostics which is important since the nanoparticle
growth occurs in the plasma. The stress is focussed on condi-
tions favourable for the formation of nanoparticles before they
reach the substrate.

2. Experimental setup

The scheme of HCPJ is shown in figure 1. The hollow
cathode is made of titanium and serves as the sputtering
target. It has a tubular shape and forms a nozzle through
which the working gas flows. The hollow cathode is
powered by the negative pole of a dc power supply, the
Advanced Energy MDX 500, operating in constant current
mode. The upper limits of current and voltage of the power
supply are 500 mA and 1200V respectively. The titanium
nozzle is cooled by a water flow via the copper blocks sur-
rounding it. The outer surface of the nozzle is isolated from
the discharge volume by a cylindrical shield made of a Lava
ceramic that prevents the burning of the discharge in any
other part of the nozzle except the hollow cathode. The
ultra high vacuum chamber is pumped by a turbo-molec-
ular pump down to the ultimate pressure of 10~ Pa. Argon
with a purity of 99.999% serves as a working gas. We use
a load lock for the manipulation with samples. It consists
of a small vacuum chamber connected to the main system
via two gate valves and is equipped with a the moveable
feedthrough with a fork at the end which grips the substrate
holder and sets the position of the substrate.

The process of TiO, deposition by HCPJ is governed by
several macroparameters. Among the most important are dis-
charge power, pressure, working gas flow rate, and the cathode
to substrate separation. Each of these influences the physical
quantities that are important for the properties of the deposited
material: the degree of ionization, the gas temperature, plasma
flow dynamics, etc. An important advantage of our HCPJ
system 1is its ability to vary the distance between the hollow
cathode as a source of nanoparticles and the substrate without
the necessity of breaking vacuum conditions. In this work we
concentrated on the effects of the discharge current and argon
flow rate. The other experimental conditions we tried to keep
constant in order to reveal the more apparent dependencies on
the two selected parameters.
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A tungsten cylindrical Langmuir probe is used for plasma
diagnostics. The diameter of the probe is 2r, = 50 pm and
the length /, = 2.2 mm. A step motor with a linear vacuum
feedthrough is used for the change of the radial probe posi-
tion. Measurements with a Langmuir probe were provided by
amultimeter Siemens B 3220 and a voltage calibrator Siemens
B 3050. A fiberoptic thermometer Optocon FOtempl was
used for measuring the neutral gas temperature; this principle
is described in [20, 21]. It consists of a GaAs probe on the tip
of the optical fiber connected to the small spectrometer and
a source of light. The principle of this device is based on the
shift of probe band gap edge with a change in its temperature.
According to the spectrometer data this shift is about 0.4nm
K~L The device’s temperature range is from —200 up to 300
°C with the accuracy of +0.5 ° C. The upper limit is given by
the fiber and tip plastic jacket.

The thin films were analyzed by an atomic force microscope
(AFM) NT-MDT Ntegra Prima with Multi75-DLC cantilevers
in semi-contact mode, by a scanning electron microscope
(SEM) Tescan Mira 1 LMH with energy-dispersive x-ray
analysis (EDX) detector Bruker AXS, and by x-ray photoelec-
tron spectroscopy (XPS) Specs Phobios 100 with Al Ka x-ray
source at the incidence angle of 45°.

3. Results

We deposited several samples under different discharge cur-
rents and argon flow rates on a monocrystalline silicon (111)
substrate in order to investigate how these parameters influ-
ence the thin film surface morphology.

Our original idea was to use a passive TiO»/Ti,03/TiO layer
on the top of the cathode as the main source of oxygen which
appears after each exposure of the cathode to the atmosphere,
or after introducing oxygen together with argon into the HCPJ
nozzle [22]. This method, however, has many disadvantages:
restriction in thickness, a high degree of impurities, chemical
inhomogeneity, and difficult reproducibility. If we introduced
oxygen directly to the hollow cathode together with the argon
flow the discharge became very unstable because of intensive
cathode surface oxidation. To avoid those problems we intro-
duced the oxygen separately from argon into the main dis-
charge chamber in the amount of 0.5 sccm, see figure 1.

Relatively high pressure (100 Pa) was used to create
favorable conditions for cluster synthesis. Samples were
deposited at 40mm cathode-to-substrate separation. While
conventional systems for the synthesis of nanoparticles use
separate pumping of aggregation and deposition chambers
[15] we made use of a pressure gradient between the hollow
cathode’s inner volume and the vacuum chamber. Thus, the
hollow cathode acts as an aggregation chamber because of the
heightened pressure inside it. Examination of the inner sur-
face of a hollow cathode that had been in use for approxi-
mately one year revealed that sputtering was not uniform and
that there was a region close to the nozzle exit where ero-
sion had reached its maximum. The position of this region
was flow dependent and had a tendency to migrate along the
inner surface of the hollow cathode. This migration is evident

from those rare cases when discharge accidentally changes its
shape and voltage. The working gas flow rate directly influ-
ences plasma dynamics. With an increase in the argon flow
rate the plasma plume becomes longer and obtains a well-
defined columnar shape.

3.1. Thin fims diagnostics

AFM scans of the samples’ surfaces deposited under different
experimental conditions are given in figure 2. The scans were
performed approximately in the sample center. From vertical
scales it is possible to observe that the roughness of the film
is gradually increasing with the argon flow rate. The samples
deposited under a working gas flow rate of 100 sccm, see
figures 2(a) and (d), are out of the plasma region; therefore, the
plasma’s influence is almost negligible and the temperature of
the substrate surface remains at a relatively low value (from
50 up to 130 °C). Measurements of the neutral gas temperature
are described in more detail in section 3.3. On the other hand,
samples deposited under argon flow rates 200 sccm and higher
were in direct contact with the plasma. Under these conditions
nanoparticles have a tendency to form bigger agglomerates.

In a first approximation nanoparticles have a spherical
shape. Using this assumption we measured particle diameters.
We used approximately 70-100 randomly chosen nanoparti-
cles from each scan and complemented figure 2 with corre-
sponding histograms.

The dependencies of mean nanoparticle size and root mean
square roughness (RMSR) on discharge current and argon
flow rate are given in figure 3. Nanoparticle sizes vary in the
range of from 10nm up to 20nm. From figure 3(a) it is pos-
sible to observe an evident decrease in the mean nanoparticle
size with the growth of the discharge current. At the same
time, the argon flow rate has almost no influence on the nano-
particle size. The RMSR of the nanoparticle layers gradually
increases with the growth of both parameters.

The surface distribution of nanoparticles becomes inho-
mogeneous under the high values of discharge currents and
working gas flow rates corresponding to figures 2(b) and (c).
Samples deposited under these conditions have a well-defined
structure. In the middle of the sample we observed a round
mirror-like region. The diameter of the region approximately
corresponds to the diameter of the plasma plume (10-12 mm).
Around this region is a black matt ring where we observed
agglomerate clusters. In a center of the sample agglomerate
clusters were not found.

In figure 4 two AFM measurements carried out on the same
sample in two positions outside its center are given. These
results show that the surface distribution of agglomerate clus-
ters is not uniform and is symmetric with respect to the sample
center. The morphology of agglomerate clusters is shown in a
high resolution SEM scan in figure 4(b).

The quantitative composition of the thin films carried out
by the EDX is shown in the top graphs of figure 5. Relatively
thick samples of 3.5 pm exceeding the electron penetration
depth of several hundreds of nm were prepared to exclude the
influence of a silicon substrate on the EDX measurements.
The first sample deposited without oxygen is weakly oxidized
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(O 28%,Ti 62%). This is caused when the sample is exposed to
the atmosphere during transport to the EDX. The atmospheric
oxygen creates an amorphous oxidized layer on the top which
resists further oxidation. The depth of oxidation is usually
5-10nm [22]. In our case, the oxidized layer can be thicker
because of the developed morphology of the film surface.

The second sample shows the composition of O (63%) and
Ti (32%), which approximately corresponds to a the titanium
dioxide chemical formula. In both samples we also found a
small amount (4%) of carbon impurities. The bottom three
graphs of figure 5 show an XPS analysis of the sample depos-
ited without oxygen. The analysis of the C 1s photoelectron
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Figure 6. Dependences of electron density, electron temperature and plasma potential on the distance between probe and discharge axis at
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position. The values of pressure and argon flow rate were 100 Pa and 200 sccm, respectively.

peak shows that the carbon is not chemically bonded with the
titanium. Since the experimental system is UHV clean, the
carbon is most probably caused by exposure of the sample to
the atmosphere after deposition. Titanium 2p spectrum con-
sists of two major peaks because of spin—orbit splitting. These
two peaks correspond to TiO,. The peaks of other titanium
oxides such as TiO or Ti,O3 are present but are small with
respect to TiO,. The XPS spectrum of the film deposited with
the introduction of oxygen shows similar results. We can con-
clude that a comparatively low oxygen flow rate (0.5 sccm) is
sufficient for the complete oxidation of titanium.

3.2. Plasma diagnostics

When the formation of nanoparticles occurs in a gas phase,
information about plasma is of great importance. We
focused on the Langmuir probe measurement of the electron
temperature 7, and electron density n, at the approximate
position where the sample is located during the deposition.
Experimental conditions were chosen to be similar to those
applied for the deposition. The aim of these measurements
was to evaluate the influence of the plasma plume on the depo-
sition since the samples were in contact with plasma. There
are several ways of evaluating these two parameters from the
probe current-voltage characteristics [23]. We assumed that
energy distribution function is Maxwellian-like:

—e(V - V[,[)
kgT,

&CLV)  ns [2 \/T
2 - 2 ,/;e JfMax(ev)- ()

In equations (1) and (2) the symbols have their usual
meaning. The electron temperature 7, was estimated from
the slope of the second derivative of probe characteristics in
a semilog scale. The electron density was estimated (i) from
the integral of the second derivative of current-voltage charac-
teristics equation (2) (denoted as Nelnt in figure 6), (ii) from
the electron current at the plasma potential /(V,,;) (NeVpl) and
(iii) from the slope of the plot 2(V) (NeleSqr). The electron
current at the plasma potential is given by

Juvax (€V) JeV exp (D)

1
Ip(Vpl) = ZnevanAp, 3)

where v, = [(SkBT(,,)/(n:me)]%. From equation (3) the electron
density can be calculated. Furthermore, the n, can be esti-
mated from the slope of the plot of the square of the electron
current I2(V) versus the probe voltage

34 2
2e°Apng

2(V) = . V + const. 4)

e
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We used all of these methods in order to assess the error of
the electron density measurement. Measurements were taken
in proximity to the vertical position where the substrate was
placed during depositions. The dependencies of electron den-
sity on the radial position of the probe are shown in figures 6(a)
and (b). A comparison of the results obtained by means of
the three different methods are presented in figure 6(a). The
method based on an integration of the second derivative of
current-voltage characteristics shows, as expected, somewhat
lower values of plasma density because of the error in the
second derivative caused by the numerical differentiation near
the sz.

The third approach based on the electron current square
works under the assumption of the thick sheath which can be
approximated by several Debyelengths Ap = [(eokBE)/(ezne)]%.
Closer to the axis, i.e. at higher plasma densities the Ap becomes
smaller, which is associated with higher error. Nevertheless, it
is seen from figure 6(a) that the I2(V) method agrees well with
the I(V},;) method. In figure 6(b) we show the dependencies of
electron density on the radial position of the probe measured
under different discharge currents. Here, the n, is calculated
from I(V),). It is evident, especially from the dependence that
corresponds to discharge current 300 mA, that plasma has
a well-defined border approximately at a distance of 15 mm
from the discharge axis. Outside of this border the ionization
level falls dramatically. The electron temperature and plasma
potential stay almost independent on the radial probe posi-
tion. The values of the electron temperature for the discharge
currents 100, 200, 300 mA are 0.27, 0.21, 0.2 eV, respectively.
The low electron temperature is typical for this discharge type
because almost the whole cathode fall is located inside or in
the vicinity of the cathode. These values are in agreement with
[16] and [24], but in the second reference much higher oxygen
to argon ratios were used. The plasma potential is slightly neg-
ative when the probe is used in pure argon as in [16, 24]. The
negative value of the plasma potential can be explained by the
low radial diffusion to the chamber walls at the working pres-
sure of 100 Pa and the low electron temperature. This leads to
the confinement of the discharge channel that carries the dis-
charge current mostly to the substrate holder, causing the role
of chamber walls as the anode to be nearly unimportant. The
measurements were performed without oxygen flow. Even the
smallest oxygen flow rate (0.1 sccm) causes a rapid oxidation
of the tungsten Langmuir probe surface, after which the probe
loses its conductivity and its further use becomes impossible
until it is cleaned by an electron bombardment in pure argon.

3.3. Neutral gas temperature measurements

In the measurements of the neutral gas temperature we tried to
cover a wide range of argon flow rates so as to obtain a com-
plex of information about the temperature in proximity to the
substrate. As mentioned in section 2 the fiberoptic thermom-
eter Optocon FOtempl was used for this purpose. However,
at some points too close to the plasma plume axis under the
high values of a working gas flow rate it was not possible to
measure because of the thermometer’s upper limit (300 °C).

The results of these neutral gas temperature measurements are
presented in figure 7. In the case when the argon flow rate is
relatively low (i.e. plasma does not touch the substrate) the
dependence of the neutral gas temperature on the probe radial
position is flat even at high discharge currents. Increasing the
flow rate leads to an inhomogeneous distribution of the tem-
perature with a maximum at the axis of the plasma column.
On the other hand, we observed the presence of agglomerate
clusters under high values of the argon flow rate. According
to the aforementioned AFM results these clusters are concen-
trated mostly at the periphery of the sample, where the tem-
perature is significantly lower than in the middle. We assume
that this can explain the abundance of agglomerate clusters at
the periphery of the sample since at lower temperatures the
tendency of agglomerate clusters to reform into bigger clus-
ters is lower. The surface morphology of the deposited layers
is treated in more detail in the Discussion section.

Dependencies of the neutral gas temperature on the dis-
charge current at the plasma axis are given in figure 7(a). The
temperature distribution of the neutral gas is strongly flow
dependent. We can see in figures 7(b)—(d) a similar strong
flow dependence. In these dependencies some points were not
measured because of the temperature limit. However, extrapo-
lation of the dependence that corresponds to an argon flow
rate of 300 sccm shows that the temperature can easily exceed
300 °C at discharge currents of 300 mA.

4. Discussion

From the AFM scans presented in figures 2 and 4 it is possible
to observe how basic mechanisms of nanoparticle growth
in a gas phase show themselves under different conditions
of deposition. Among these, we distinguish two of the most
important: coagulation and single atom attachment [25-27].
The process of single atom attachment is present in both
cases, while the coagulation of nanoparticles into agglomer-
ates appears at higher values of discharge current and working
gas flow rate. The mean nanoparticle size at discharge current
100 mA is bigger than at 400 mA. The first explanation is a
higher neutral gas temperature and ionization of the plasma
plume at a discharge current of 400 mA. The low electron
temperature in the proximity of the substrate indicates that
plasma is only slightly anisothermic in this region and affects
only nanoparticle charges. Their floating potential is low and
therefore the electric drift of nanoparticles is negligible. On
the other hand, the ion energy inside of the hollow cathode is
much higher and can reach 300¢eV if the ions receive the full
energy of the cathode fall. The sputtered titanium atoms gain
a part of the energy of the positive ions which is high to create
a chemical bond between them. We assume that the nucleation
process under higher discharge currents and consequently, the
residence time of particles in plasma is shorter. It can result in
higher amount of nucleation centers at the expense of the par-
ticle size before reaching the substrate. In our case the cathode
to substrate separation is 3.5 cm only. Thus, the dependence of
particle size on the working gas flow rate is different in com-
parison with [6]. We explain that by a higher gas temperature
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and higher ionization of the plasma plume at a discharge
current of 400 mA. We expect that the ion energy inside the
hollow cathode can reach a comparatively high value (hun-
dreds eV). The sputtered titanium atoms can gain part of the
energy of the positive ions by collision (the pressure in the
hollow cathode is higher than in the discharge chamber). As
a result, the energy of the sputtered Ti atoms is too high to
create a chemical bond (to nucleate). However, after leaving
the hollow cathode the Ti neutrals lose their energy and fur-
ther downstream can nucleate.

We assume therefore, that the nucleation process under
higher discharge currents and consequently higher tempera-
tures of gas starts further downstream (closer to the substrate).
Hence, the residence time of particles in plasma is shorter and
the mean nanoparticle size is smaller. In addition, the high
concentration of sputtered Ti atoms at the moment when
nucleation starts caused by higher discharge current can result
in higher amounts of nucleation centers at the expense of the
particle size. This result seems to apparently contradict the
results presented in [6], where a slight increase in the mean
nanoparticle size with increasing the discharge current was
found. However, this difference can be explained by the sub-
stantially greater distance of the substrate from the hollow
cathode in [6] (17 cm) compared to ours (4cm) and the con-
sequently higher residence time before reaching the substrate.

In [6] there was also observed the increase in the mean
nanoparticle size with the decrease in the working gas flow

rate. The authors in [6] explained this effect by the increase
in the residence time of the nanoparticles before reaching the
substrate. We did not observe the significant dependence of
the mean nanoparticle size with the working gas flow rate, as
seen in figure 3(b). Since we have a shorter distance between
the hollow cathode and the substrate, we believe that the mean
nanoparticle size is influenced by two competing effects: (i)
the shorter residence time at a higher gas flow rate leading to
the creation of smaller nanoparticles and (ii) better Ti atoms
thermalization at higher gas flow rates that is beneficial for
creating larger nanoparticles. As follows from experiment, at
a distance of 4cm between the hollow cathode and the sub-
strate used in our experiment, these two effects apparently
cancel each other out. We assume that the thermalization
of vaporized titanium is slower in the case of a higher dis-
charge current. The thermalisation of sputtered titamium is a
necessary condition for the beginning of the nucleation of a
nanoparticle.

Agglomerates of nanoparticles have a grain-like surface
morphology, as shown in figure 4(b). Hence, the process of
coagulation in the gas phase occurs when nanoparticles are
already in a solid state. The inhomogeneous distribution of
agglomerates on the sample is mainly caused by the increase
in the working gas flow rate. A high working gas flow rate is
connected with the higher pressure and a higher flow velocity
inside the hollow cathode. This reduces both the radial diffu-
sion of the sputtered titanium atoms to the axis of the flow,
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and the time during which particles growing near the axis
reach the substrate. This results in a high concentration of tita-
nium atoms near the cathode wall, which leads to a higher
concentration of nanoparticles in the outer layer of the plasma
plume, and subsequently to a significant number of collisions
between the nanoparticles in this outer layer. In addition, clus-
ters can be mechanically moved from the sample center to its
periphery by the impinging argon flow. This effect has been
studied and visualized in [28]. Since the calculated Reynolds
number for the flow velocity 300 m s~!, argon temperature
of 400 K, and stream diameter of 20 mm is about 370, turbu-
lences and therefore turbulent agglomeration [29] may start
to occur. The amount of the agglomerate particles is small at
discharge currents lower than 300 mA since the sputtering rate
is low. This confirms that agglomerate particles can be depos-
ited only at a high working gas flow rate in conjunction with a
high discharge current.

5. Conclusions

TiO, nanoparticles have found applications in various areas
of industry and science. HCPJ gives us an opportunity to
obtain nanoparticles from the gas phase and gives us control
over the process of their creation. By varying plasma param-
eters such as the discharge current and working gas flow rate,
it is possible to affect the size of nanoparticles and the rough-
ness of the thin film. Under high values of discharge current
and a working gas flow rate, nanoparticles have a tendency to
agglomerate in clusters (their diameter is more than 100 nm).
This transition occurs approximately under an argon flow
rate of 200 sccm and a discharge current of 400 mA. The
Langmuir probe and fiberoptic thermometer give us com-
plex information about the properties of the plasma plume
during deposition. The plasma potential and electron energy
were almost constant over the substrate dimensions. At the
same, time we observed a high inhomogeneity of electron
density under high values of the argon flow rate and discharge
current. The effect of ion bombardment of the sample is
negligible because of the low ion energy at the sample posi-
tion. Of more significance can be the influence of charged
nanoparticles, especially in a region with high plasma den-
sity. In the future we also plan to investigate the HCPJ with
an RF and dc pulsed power supply.
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1. Introduction of nanorods [8], nanoparticles [9], columnar structures [10], nanofiber

Titanium dioxide (titania) is one of the most intensively used mate-
rials, especially in the energy sector of modern science and technology.
There are a number of examples of its application in the fabrication of
lithium ion batteries [1,2], visible light-driven photocatalytic hydrogen
production [3] and photo electrodes for dye-sensitized solar cells
(DSSCs) e.g. [4,5]. Titanium dioxide was recognized as the best solution
for the fabrication of DSSC photo electrodes in spite of its low electronic
transfer and enhanced charge recombination because of its stability,
high chemical resistance and low cost. Titanium dioxide in anatase
phase exhibits better light absorption efficiency and photocatalytic deg-
radation of organic compounds under UV radiation which makes it pref-
erable to the rutile phase [6]. The efficiency of TiO, as a catalyst or photo
electrode active layer reaches its maximum when charge transport is
significantly faster than the hole-electron recombination. When the ti-
tania is used as an electrode in dye sensitized solar cells, the charge
transport is highly dependent on the film morphology and associated
with the particle network, i.e. the number of inter-particle connections,
or the lack thereof, can lead to the hole-electron recombination [7].
Planar thin film has shown negligible light conversion efficiency, there-
fore all efforts are focused on the optimization of the film surface mor-
phology. Researchers managed to obtain TiO, nanostructures in a form
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networks, and porous matrix [7], etc.

A huge variety of synthesis methods is available for metal/non-metal
doped and undoped TiO, thin film preparation. These methods include
chemical vapor deposition [10,11], sol-gel [12], hydrothermal [13],
electrophoretic deposition [14], and flame-aerosol [15]. The reactive
sputtering by means of the low pressure HCP] technique [16-18] be-
longs to the branch of plasma enhanced chemical vapor deposition
(PECVD) methods. This method provides high purity, good adhesion
with the substrate and control over the thickness and the morphology
of the thin films. The basic principle of this method lies in sputtering
the inner surface of a tubular hollow cathode with Ar* ions which is
followed by oxidation and deposition of the sputtered material on the
substrate. A more widely spread and through quite system for thin
film deposition is planar magnetron, which can be operated in a DC
[19,20], pulsed DC including HiPIMS [11,21,22] and RF [10,23,24]
power regime. The magnetron sputtering system is operated under
the glow and anomalous glow of discharge conditions. One of the signif-
icant advantages of HCP] over magnetron sputtering is the continuous
flow of the working gas which 1) helps to achieve a higher purity of
the films and 2) gives us control over the divergence of the flow of the
sputtered atoms. However, magnetron sputtering allows thin film de-
position on larger areas with less difference in a thickness. Both the
HCPJ] and the planar magnetron can be powered in DC [16], pulsed DC
[25] an RF [26] regime depending on the objectives. For the deposition
of non-conductive coatings the RF powered sputtering systems are
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commonly used because of several crucial advantages over DC powered
systems. Among them is the possibility of the sputtering of non-
conductive materials, where there are no disappearing anode problems
and the charge is not accumulating on the chamber walls or other inner
parts of the vacuum system. However, DC discharge is much easier to
exploit as it performs in stable deposition conditions with a well defined
cathode sputtering area and does not interfere with other electrical de-
vices. In the case of short-term deposition of non-conductive thin films
there were no issues with the HCPJ exploitation in DC regime (film
thickness from several tens up to hundreds nanometers). The problems
arose during a long-term deposition of titania thin film lasting several
hours when the inner surfaces of the main chamber were gradually
coated by a non-conductive layer. This resulted in the effective insula-
tion of the anode followed by the interruption of a discharge. This effect
was monitored as a decrease of the potential of any floating part im-
mersed in the discharge, e.g. the floating (i.e. not grounded) sampling
orifice of the mass-spectrometer. In some cases this resulted in the
random migration of the anode's active part (i.e. the part carrying the
discharge current) over the conductive parts inside of the main
chamber, e.g. the sample holder, shutter, table, etc., depending on
their distance from the cathode and the thickness of the insulation layer.

The thickness of the photo electrode in DSSC varies from units up to
tens of micrometer. If we take into account the relatively low deposition
rate, which reaches maximally several nm s~ !, the stability of the dis-
charge becomes an acute problem. In order to eliminate this negative ef-
fect we introduced, into the deposition chamber, a supporting anode
which was slightly positive with respect to the ground and therefore
drained almost the whole electron current from the discharge. The de-
position conditions of the investigated films partially coincide with the
conditions we used in [16], where the crystalline structure of films
was not studied and deposition occurred without the supporting
anode. This motivated us to improve our study using crystalline struc-
ture diagnostics since the crystallinity plays a crucial role for application
purposes.

2. Experimental setup
2.1. Vacuum system

A hollow cathode plasma jet is installed in a grounded vacuum
chamber that was designed for UHV conditions. The principal scheme
of the HCPJ is shown in Fig. 1 (left). The main functional part of the sys-
tem is cylindrically-shaped pure (99.995%) titanium hollow cathode
with a through hole along the axis. The length of the cathode is
29 mm, and the inner and outer diameters are 5 and 8 mm, respectively.
The hollow cathode was fixed by the water-cooled copper blocks and
insulated from the rest of the system by means of a lava ceramic shield.
Argon with the purity of 99.999% was introduced through the inlet at
the top of the hollow cathode.

water
cooling

ceramic [
shield [

o

+18 V o—==4 T\

substrate

Ti nozzle

copper
cooler

Oxygen was introduced into the main chamber via the separate
inlet, since its direct introduction to the hollow cathode results in cath-
ode poisoning [27] and discharge instability. The HCP] was powered by
an Advanced Energy MDX 500 power supply in the current stabilizing
mode. The supporting anode was installed in a system below the sub-
strate holder as it is shown in Fig. 1 (right). The supporting electrode
is a cylindrical iron wire insulated by the ceramic shielding tube. The ac-
tive part of the anode is 7 mm long and 1 mm in diameter. The anode
was positively biased with respect to the ground (+ 18 V) by Agilent
E3633A DC power supply that enabled us to measure the supporting
anode current separately from the cathode current. During the deposi-
tion it was continuously heated by the electron and, probably, negative
ion (O7) current which prevented the loss of conductivity. This
supporting anode drained almost the whole current from plasma be-
cause of its positive bias and sharp geometry, which created the high
electric field lines in front of its tip. The anodic instabilities due to the
probable double layer formation around the supporting electrode did
not cause fluctuations of the discharge current greater than 5%. Conse-
quently, we assumed that the influence of current fluctuations on the
deposition process can be neglected.

2.2. Preparation of the TiO, thin films

In order to achieve the high purity of the films the vacuum chamber
was pumped down to a base pressure of 1-10~* Pa before the start of
the deposition. Pumping the system down to lower pressures adds no
advantage considering the purity of the working gas and cathode mate-
rial. The pressure in a main chamber during the deposition was
sustained at the value of p = 100 Pa. The discharge ran for 20 min in
order to purify the surface of the cathode from the absorbed active
gases, water, etc. The samples were deposited on silicon (111) and
glass substrates for the diagnostics of the morphology and crystalline
structure of the films, respectively. The substrates were placed at the
distance of 42 mm from the cathode. One batch of the samples was
annealed in the muffle furnace in atmospheric conditions and at a tem-
perature of 400 °C for 1 h. For all samples deposited for structural and
surface diagnostics the oxygen flow rate was 0.5 sccm which was
enough for complete oxidation of titanium. The deposition conditions
of the samples are given in Table 1.

TEM characterization was performed on Philips CM120ST micro-
scope, working at 100 kV high voltage. Transmission electron microsco-
py requires a very thin sample, obtained by a method of preparation
that depends on the characteristics of the original sample. In these
cases, we have thin films on a Si substrate. We selected a quick method,
which allowed us to prepare TEM grids. The morphology of the depos-
ited layers was examined by means of scanning electron microscopy
(SEM) using a MIRA 3 Tescan microscope at 30 keV electron beam
energy. XRD measurements were carried out to determine the
crystalline structure of the deposited thin films using the Seifert XRD7

Substrate

-

Fig. 1. The scheme of the HCP] sputtering system with supporting electrode for deposition of metal oxide films in DC mode (left) and photo of the system during the deposition (right).

Anode glow
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Table 1
Deposition conditions of the samples' symbol meaning: Flow,, — argon flow rate, I — dis-
charge current, T, — annealing temperature, t — deposition time.

Flowa, Iy T, t

[scem] [mA] [°C] [min]
S1 100 200 - 180
S2 100 200 400 180
S3 300 200 - 120
S4 300 200 400 120
S5 300 400 - 45
S6 300 400 400 45

diffractometer with parallel-beam geometry, Cu K, radiation and fixed
angle of incidence of X-rays Q = 5°.

2.3. Preparation of the DSSCs for the quality control test of the TiO films
quality

We optimized the deposition conditions of the photo electrodes in
order to achieve uniform thin films with a surface morphology similar
to the samples S1-S4 at the higher deposition rates. The photo elec-
trodes for DSSCs with a thickness of 5.4 um and 20 pm were deposited
on the glass substrate covered by ITO layer with a resistance of 10 Q/
square under the Flow,, = 120 sccm, Flowg, = 3 sccm, p = 25 Pa,
Iq = 300 mA and cathode-to-substrate separation of 30 mm. The depo-
sition lasted for 6 h and 22 h for the samples with a thickness of 5.4 ym
and 20 pm, respectively. The photo electrodes were annealed for 1 h in
the muffle furnace at a temperature of 400 °C. We used hibiscus and
raspberry [6] as low-cost dye-sensitizers. The photo electrodes were im-
mersed in dye for 10 min. To fabricate the counter electrodes we placed
the conductive glass over the candle flame for a few seconds, in this way
we obtained a layer of black carbon soot. The frame, from the transpar-
ent scotch tape, was created around the photo active layer on the ITO
electrode to prevent a short circuit between the electrodes. The solution
of iodine in the ethylene glycol was used as an electrolyte. Photovoltaic
tests were carried out by measuring the |-U characteristic of the
solar cells under the AM 1.5 G sunlight (ASTM G-173-03 standard,
100 mW/cm?, see http://www.nrel.gov/solar_radiation/) simulated by
the metal halide 575 W lamp equipped by the UV filter (<390 nm).
The average deviation of the lamp spectrum from the standard cited
above in the wavelength region 400-1100 nm was 4%. The J-U charac-
teristics were measured by the source meter KEYSIGHT B2901A.

3. Results and discussion
3.1. Characterization of the morphology of the thin films

The presence of the heated supporting anode may cause the uncon-
trolled doping of the TiO, thin layer by evaporated iron atoms (anode
material). The EDX analysis was carried out in order to make sure that
the elemental composition of the film corresponds to the pure titanium
dioxide, see Fig. 2. The iron Lo, Kae and KPR lines are marked as refer-
ences. The magnitude of the signal at the position of the iron reference
lines remains at the level of noise. The presence of the silicon on the
spectrum indicates that the penetration depth of this method is deeper
than the thickness of the film and that we have detected the substrate. A
small carbon peak corresponds to the impurities that emerged after the
exposure of the sample to the atmosphere. It has been proven experi-
mentally by XPS measurements of the samples deposited at the relevant
conditions [16]. The EDX patterns we obtained from other samples are
almost identical.

Samples S1 and S2 were deposited at the laminar regime of the plas-
ma flow in HCPJ due to the comparably low working gas flow rate
(100 sccm). This flow regime is characterized by a gradual expansion
of the plasma plume caused by the diffusion of ions and neutrals in
the direction determined by the vector of the pressure gradient. Thin
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Fig. 2. EDX spectrum of the sample S6 with iron reference lines.

layers deposited at the low flow conditions are characterized by the
good homogeneity and small difference in thickness over the area of
the sample.

SEM images of the non-annealed S1 and annealed S2 samples are
shown in Fig. 3. Annealing of the samples was carried out in order to
demonstrate how the temperature affects the structure of the thin
films, as annealing of a photo electrode is one of the steps in DSSC fab-
rication used to achieve film crystallization and better adhesion of
TiO2 with the TCO layer. Numerous scientific reports on the crystalliza-
tion of the titania films by annealing in a muffle furnace show that the
pure anatase phase appears at an approximate temperature range
from 300 up to 600 °C [7,28,29]. Anatase is preferable in the solar cell
application over rutile, thus the temperature of annealing was kept at
400 °C.

The analysis of the surface morphology of the samples, see Fig. 3a, b
revealed the presence of fine and ultrafine cracks in the films. A film
deposited at a high temperature and then cooled will develop biaxial
in-plane tensile stresses if the thermal expansion coefficient of the
film differs from the substrate. The temperature of the samples S1 and

Fig. 3. SEM images of the surface of the unannealed S1 (a) and annealed S2 (b) samples as
well as of the cross section of the samples S1 (c) and S2 (d).
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S2 during deposition sustained at the constant value of 120 + 5 °C,
which might cause cracks after their cooling [16].

The presence of nanoparticles in the film is another effect that might
contribute to the emergence of cracks [30]. Nanoparticles in thin TiO,
films were investigated in detail on the thinner films deposited under
relevant conditions [16]. The cracks exhibit a fractal structure which
lies in the repetition of the film patterns at the higher magnification,
see inserted images in Fig. 3a, b. Fine cracks of unannealed film are ap-
proximately 0.1-0.2 pm in width and were enlarged twice after the an-
nealing. However, the thermal influence caused the opposite effect on
the structure of ultrafine cracks. Their width remained the same and
even a slight constriction was observed. The width of ultrafine cracks
varied in a range from units up to several tens of nanometer. The de-
crease of the occurrence of ultrafine cracks and general ordering of the
crystalline structure can explain the broadening of fine cracks after an-
nealing. Samples S3 and S4 deposited at the higher working gas flow
rate reveal a similar surface structure and the tendency of the fine cracks
to broaden after the annealing.

The cross sections of the samples S1 and S2 are depicted in Fig. 3c, d.
The structure of the film shows the tendency of columnar growth which
results in good adhesion within the one “column” and weak intercon-
nections between them. Both samples have good adhesion with a silicon
substrate regardless of the annealing. The thicknesses of the films are
1.69 pum and 1.53 pm for the samples S1 and S2 respectively which
indicate the slight deviation in the deposition rate (~10%) along the
horizontal axis, as the samples were deposited during the same experi-
ment. This is associated with the peculiarities of the deposition tech-
nique, which has much less divergence of the flow of sputtered matter
in comparison with the more widely used magnetron sputtering. This
divergence is mostly affected by such deposition parameters as the
working gas flow rate and pressure in the main chamber.

High values of these parameters result in lesser divergence of the
plasma flow and subsequently sputtered matter which is driven by plas-
ma flow. The calculated deposition rate was 0.15nm s~ ' for the samples
S1,S2and 0.13 nms™ ! for samples S3, S4. Generally, the presence of the
cracks in the films is an undesirable feature and a great deal scientific ef-
fort is focused on its elimination [31,32]. In our case it may cause a rath-
er positive effect, as these cracks do not extend through the entire film
as it is shown in Fig. 3 d and cannot cause a short circuit between elec-
trodes in DSSCs. Moreover, they can effectively improve the efficiency of

the photo electrode, since the absorption of the dye-sensitizer will occur
not only on the surface but also in the bulk of the thin film on condition
of their retaining stability during exposure to a steady stream of
sunlight.

The regime of deposition under an argon gas glow of 300 sccm and a
discharge of I = 400 mA is characterized by a higher turbulence and
the well-defined cylindrical shape of the plasma plume. Samples S5
and S6 deposited in this regime can be conditionally divided into
three different regions: (i) the columnar structures, Fig. 4a, d, (ii) the ag-
glomerated particle-rich region Fig. 4c, e and (iii) transition region,
Fig. 4b. Distribution of these regions on the surface of the substrate
has an axial symmetry with respect to the plasma plume axis. For the
better understanding we added the scheme of the sample regions in
Fig. 4a, where symbols correspond to the designation of Fig. 4a-c and
the bottom-right corner of the sample scheme is the nearest to the dis-
charge axis. Region “b”, Fig. 4b, is a transition region which is character-
ized by the presence of both aforementioned structures. The growth of
the spiky columns is mostly caused by the interaction of the elevated-
temperature plasma flow with the sample. The temperature measure-
ments in [16] show the sharp temperature gradient under the high
values the working gas flow rate and discharge current, since the dis-
charge power under these conditions is concentrated in the relatively
narrow plasma plume.

The temperature gradient value was in the order of 10? °C cm™
along the horizontal axis. The absolute value of the temperature has
an exponential dependence on the horizontal coordinate and exceeds
250 °C at the distance of 1 cm from the plasma plume axis under the
conditions of deposition which correspond to the samples S5 and S6
(the limit of the fiber optic thermometer is 300 °C). The annealing
caused the negligible influence on the morphology; the surface mor-
phology of the sample S5 is almost identical to S6.

The agglomerated particles were found in regions “b” and “c”. We as-
sumed that the agglomeration occurred in a gas phase in a process of
particle vs particle collision. This was confirmed by the high magnifica-
tion TEM image of the single agglomerated particle, see Fig. 4f. The
nanostructure of the agglomerated particles consists of spherical nano-
particles embedded in amorphous matrix. Electron diffraction has
shown an amorphous crystalline structure with traces of anatase. A dis-
cussion on the growth mechanisms of the agglomerated particles is
givenin [16].

1

Fig. 4. SEM images of the surface of the sample S6 taken at different positions (a-c). The scheme of regions on sample S6 is shown at the top-right corner of the figure (a). The cross sections
(d) and (e) of the same sample are measured in regions “a” and “c” respectively. The high magnification TEM image of the structure of agglomerated particle shows the panel (f).
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The cross sections of the sample S6 from regions “a” and “c” are
shown in Fig. 4d, e, respectively. The film has good adhesion with the
substrate and a surprisingly low number of fine cracks, considering
the high temperature of the substrate during deposition. The slight in-
homogeneity in the thickness can be explained in a similar way as
were the samples S1 and S2. The deposition process is characterized
by the significantly higher deposition rate of 1.16 nm s~ !; in compari-
son with the samples S1-S4. Inhomogeneity of the samples makes
them hardly applicable in the fabrication of solar cells, since it will be
hard to analyze the results obtained. This problem was easily solved
by adjusting the sample position within the center of the discharge
axis and putting it closer to the discharge outlet. In this case we obtained
the uniform thin film represented only by the spiky/columnar structure
(region “a”). The problems arise with the reproduction of the results
from the region “c”, since the agglomerated particles are concentrated
in the outer layer of the plasma plume.

3.2. Crystalline structure of the thin films

The crystalline structure of the samples S1-S6 was analyzed by
means of the XRD method. The non-annealed samples S1 and S3 exhib-
ited an amorphous structure as shown in Fig. 5 a. Annealing of the sam-
ples at a temperature of 400 °C launched the processes of crystallization
(samples S2, S4) which is represented by the pure anatase phase. Such
results are in agreement with previous reports on crystallization of
TiO, [12]. The crystalline anatase phase was confirmed by (101),
(004), (200), (105) and (204) diffraction peaks. The most interesting
finding is the asymmetrical crystallization of the samples S2 and S4.
The highest peak of the sample S4 is at 26 = 37.8° which corresponds
to the plane (004), while the highest peak of the sample S2 is at 26 =
25.3° which corresponds to the plane (101).

The samples S5 and S6 show completely different crystalline struc-
tures, see Fig. 5b. The presence of rutile and anatase crystalline forms
was detected in both samples regardless of annealing. The crystalline
rutile phase is dominant and was confirmed by (110), (101), (111),
(211) and (220) diffraction peaks. The highest peak is at the 26 =
54.3° and corresponds to the plane (211). Anatase is the less abundant
phase in samples S5 and S6. It is represented by (101), (004), (200),
(204) and (215) diffraction peaks, where (101) is the highest. We as-
sume that such a mixture of phases can be explained by the elevated
temperature of the samples due to the interaction with the plasma
flow. This can also be inferred from the reported TiO, phase diagrams,
e.g. in [33], since rutile phase shows up in temperatures over 600 °C.
However, the temperature of this transition in our system can be differ-
ent, since the processes in the HCPJ] system, which is operated in the
supersonic flow regime [34], are much more complicated than anneal-
ing in the muffle furnace in atmospheric conditions. Rutile is the
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equilibrium crystalline form of titania, hence the annealing at the tem-
perature of 400 °C can only results in a crystallization of the amorphous
part of the samples into anatase phase. This assumption is in agreement
with the results in Fig. 5b, where the intensity of the anatase peaks is
significantly higher in the pattern of the annealed sample S6. The crys-
talline structure and morphology of the films are strongly connected,
therefore we assume that the columnar structures in Fig. 4a, d corre-
spond to the rutile phase (region “a”). In the transition region “b”,
Fig. 4b, both phases are present, and region “c” is represented by a
mixture of anatase and amorphous phase, Fig. 4c, e, which turned into
anatase after annealing.

The results that correspond to Fig. 5a are in agreement with previous
reports on the amorphous TiO, annealing in a muffle furnace at the at-
mospheric conditions e.g. [12] and reported pressure vs temperature
phase diagrams [33,35]. In the work [ 11], the authors investigate the de-
position of titania thin film by means of the HiPIMS technique. An XRD
analysis of the investigated thin films revealed the presence of anatase
and rutile phases as a function of the deposition pressure. The explana-
tion was also based on the values of the energy influx on the substrate,
however, the higher energy influx led to a growth of amorphous film.
The reason for this discrepancy is not clear yet; it might be connected
with the high energy electron content in HiPIMS plasma. Further discus-
sion of the processes of crystallization during plasma processing is given
in [36].

3.3. Characterization of the test samples of DSSCs

Test samples of DSSCs with different active areas (S,), natural dye-
sensitizers and thicknesses of the TiO, layer were assembled and tested
under the AM 1.5 G conditions. It is hard to achieve high conversion ef-
ficiency using such low-cost materials as hibiscus/raspberry dye and
candle soot. However, a comparison with other relevant results and an
analysis of the parameters calculated from J-U characteristics can give
us a general idea about the quality of the TiO, thin films as well as
perspective of their further application.

We used an EDX technique to carry out the elemental analysis of the
carbon soot layer. Carbon, indium, tin, oxygen and silicon peaks were
detected. They correspond to the black carbon soot, ITO layer and
glass substrate. Nevertheless, we assumed that this film could contain
unburned hydrocarbons e.g. paraffin from the candle which is not pos-
sible to detect by EDX. It may affect the conductivity of the carbon and
reduce the efficiency of the solar cells. Another disadvantage of the
carbon soot lies in its weak adhesion with the conductive glass, which
resulted in the destruction of the carbon layer at the slightest longitudi-
nal shear of the electrodes. The SEM image of the carbon soot is shown
in Fig. 6b. The film consists of fine carbon nanoparticles with a mean
diameter of several tens of nm. Such developed highly-porous
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Fig. 5. XRD patterns of the samples S1-S4 (a) and S5-S6 (b). The Miller indices of anatase and rutile phases are given.
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Fig. 6. SEM images of the cross section of the photo electrode with the thickness of 5.4 pm
(a) and the structure of the black carbon soot layer of the counter electrode (b). Current
density versus voltage of the DSSC samples L1-L5 under the AM 1.5 G conditions
(100 mW cm~2).

structures can greatly improve the I3” reduction efficiency. Moreover,
there are examples of when the high efficiency of solar cells was
achieved using carbon soot solution e.g. in perovskite solar cells [37].

The cross section of the photo electrode with TiO, thickness of
5.4 um is shown in Fig. 6a. It exhibits a similar structure as samples
S1-54 (Fig. 3). The thickness of the conductive ITO layer is 0.73 um.
The parameters of the DSSCs estimated from the J-U characteristics
in Fig. 6¢ are given in Table 2. Raspberry dye gave a slightly better
conversion efficiency (1) in comparison with hibiscus. The value of
the short-circuit current was greatly improved by the decrease of
the S, of photo electrodes. This might be connected with the lower
series resistance (Rs) which was measured from the first quadrant
of the J-U curves in the dark and is half as much for the samples
with smaller area (L1, L2). The samples L1-L3 have shown a much
better fill factor (FF) than L4-L5 due to the thicker TiO, layers
which has better light-absorption in comparison with the thinner
samples. A relatively high FF value indicates good adhesion between
TiO, and the ITO layer and the absence of holes in the film, which
may result in a short circuit between electrodes (low shunt resis-
tance). The highest conversion efficiency was obtained at the sample
L1 with FF = 62% and m = 0.66%.

Table 2
The parameters of test samples of DSSCs.

Sample Dye-sensitizer Sa TiO2 thickness Isc Uoc FF 7 Rs

[cm2]  [um] [mA] V] [%] [%] [Q]
L1 raspberry 021 20 272 0393 62 066 109
L2 hibiscus 022 20 2.88 0370 61 064 11.0
L3 hibiscus 048 20 2.03 0391 61 048 185
L4 raspberry 049 54 27 0355 42 041 227
L5 hibiscus 036 54 253 0350 37 033 214

4. Conclusions

The vacuum system with HCPJ was modified in order to achieve a
stable and continuous deposition of the metal-oxide films in the DC re-
gime. The efficiency achieved by the introduction of the supporting
anode to the main chamber was proven by the deposition of the DSSC
TiO, photo electrode for 22 h without termination of the discharge. De-
posited thin titania films were checked for the contamination of iron
dopants, which can be present due to the high temperature of the iron
supporting anode. The peaks that correspond to Fe were not found at
the EDX spectrum.

The morphology and crystalline structure of deposited TiO, thin
films were analyzed by SEM, TEM and XRD methods. The samples de-
posited under the discharge current 200 mA (samples S1-S4) exhibit
a presence of fine and ultrafine cracks. The width of the cracks was in-
creased after the annealing of the samples. The crystalline structure of
these films is represented by amorphous phase, which turns into ana-
tase after the annealing in the muffle furnace in atmospheric conditions
at a temperature of 400 °C. The films deposited under the high working
gas flow rate (300 sccm) and discharge current 400 mA (samples S5 and
S6) have shown a developed surface structure which was conditionally
divided onto three regions: spiky columnar structures (“a”), transition
region (“b”) and the region with agglomerated particles (“c”). The
crystalline structure of region “a” is mostly represented by rutile
phase, region “b” is a mixture of both anatase and rutile phases and re-
gion “c” exhibits an anatase/amorphous crystalline structure, which
turned into anatase after annealing.

DSSCs were assembled in order to check the perspective of the
application of the TiO, thin films deposited by means of HCPJ. The test
samples were made of low-cost materials such as black carbon soot
(counter electrode) and natural dye-sensitizers: raspberry and hibiscus.
Natural dye solutions were chosen due to their availability and
comparably high conversion efficiency among the other natural dye-
sensitizers [6]. The best results were achieved in the sample L1
(raspberry) with FF = 62% and conversion efficiency 1 = 0.66%. Sample
L2 (hibiscus) was only slightly less efficient. In comparison with other
relevant results with given natural dyes [38,39], higher results were
achieved in [40], 1 = 1.5% with raspberry dye and m = 0.75% with hibis-
cus dye. However, in this work the Pt counter electrode was used com-
pared to gold in [31]. The comparably high value of fill factor indicated
that the development of DSCCs can offer high quality results using
TiO, films deposited by HCPJ.

Acknowledgment

Financial support by the Czech Science Foundation, grant no. 15-
00863S and by Charles University Grant Agency, grant no. 268115 is
gratefully acknowledged. This work was also supported by CNDI-
UEFISCD], project 78/2013, PN-II-ID-PCE-2012-4-0059.

References

[1] Y. Tang, Y. Zhang, J. Deng, ]. Wei, H.L. Tam, B.K. Chandran, et al., Mechanical force-
driven growth of elongated bending TiO»-based nanotubular materials for ultrafast
rechargeable lithium ion batteries, Adv. Mater. 26 (2014) 6111-6118, http://dx.doi.
org/10.1002/adma.201402000.

L. Wang, Z. Nie, C. Cao, S. Khalid, Y. Wu, X. Xu, Carbon-wrapped TiO, nanocubes ex-
posed with (001) active facets for high-rate and long-life lithium-ion batteries, J.
Power Sources 302 (2016) 259-265, http://dx.doi.org/10.1016/j.jpowsour.2015.
10.072.

L. Li, J. Yan, T. Wang, Z.-]. Zhao, ]. Zhang, J. Gong, et al., Sub-10 nm rutile titanium
dioxide nanoparticles for efficient visible-light-driven photocatalytic hydrogen
production, Nat. Commun. 6 (2015) http://dx.doi.org/10.1038/ncomms6881.

S. Mathew, A. Yella, P. Gao, R. Humphry-Baker, B.F.E. Curchod, N. Ashari-Astani,
et al., Dye-sensitized solar cells with 13% efficiency achieved through the molecular
engineering of porphyrin sensitizers, Nat. Chem. 6 (2014) 242-247, http://dx.doi.
org/10.1038/nchem.1861.

S.G. Hashmi, M. Ozkan, J. Halme, K.D. Misic, S.M. Zakeeruddin, ]. Paltakari, et al., High
performance dye-sensitized solar cells with inkjet printed ionic liquid electrolyte,
Nano Energy 17 (2015) 206-215, http://dx.doi.org/10.1016/j.nanoen.2015.08.019.

[2

3

[4

[5


http://dx.doi.org/10.1002/adma.201402000
http://dx.doi.org/10.1016/j.jpowsour.2015.10.072
http://dx.doi.org/10.1016/j.jpowsour.2015.10.072
http://dx.doi.org/10.1038/ncomms6881
http://dx.doi.org/10.1038/nchem.1861
http://dx.doi.org/10.1016/j.nanoen.2015.08.019

[6]

17

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

R. Perekrestov et al. / Surface & Coatings Technology 291 (2016) 123-129

S. Shalini, R. Balasundara Prabhu, S. Prasanna, T.K. Mallick, S. Senthilarasu, Review
on natural dye sensitized solar cells: operation, materials and methods, Renew.
Sustain. Energy Rev. 51 (2015) 1306-1325, http://dx.doi.org/10.1016/j.rser.2015.
07.052.

Z. Zander, R. Yagloski, ]. DeCoste, D. Zhang, B.G. DeLacy, One-pot synthesis of high
aspect ratio titanium dioxide nanorods using oxalic acid as a complexing agent,
Mater. Lett. 163 (2016) 39-42, http://dx.doi.org/10.1016/j.matlet.2015.10.041.

Y. Tang, C. Wang, Y. Hu, L. Huang, J. Fu, W. Yang, Preparation of anatase TiO»
nanorods with high aspect ratio for high-performance dye-sensitized solar cells,
Superlattice. Microst. 89 (2016) 1-6, http://dx.doi.org/10.1016/j.spmi.2015.11.003.
S.M. Gupta, M. Tripathi, A review of TiO, nanoparticles, Chin. Sci. Bull. 56 (2011)
1639-1657, http://dx.doi.org/10.1007/s11434-011-4476-1.

S.H. Kang, M.-S. Kang, H.-S. Kim, J.-Y. Kim, Y.-H. Chung, W.H. Smyr], et al., Columnar
rutile TiO, based dye-sensitized solar cells by radio-frequency magnetron
sputtering, J. Power Sources 184 (2008) 331-335, http://dx.doi.org/10.1016/].
jpowsour.2008.05.089.

V. Straniak, M. Cada, M. Quaas, S. Block, R. Bogdanowicz, S. Kment, et al,, Physical
properties of homogeneous TiO, films prepared by high power impulse magnetron
sputtering as a function of crystallographic phase and nanostructure, J. Phys. Appl.
Phys. 42 (2009) 105204, http://dx.doi.org/10.1088/0022-3727/42/10/105204.

S. Miszczak, B. Pietrzyk, Anatase-rutile transformation of TiO, sol-gel coatings
deposited on different substrates, Ceram. Int. 41 (2015) 7461-7465, http://dx.doi.
org/10.1016/j.ceramint.2015.02.066.

X. Chen, S.S. Mao, Titanium dioxide nanomaterials: synthesis, properties, modifica-
tions, and applications, Chem. Rev. 107 (2007) 2891-2959, http://dx.doi.org/10.
1021/cr0500535.

W.-S. Kuo, M.-T. Li, Pretreatment of color filter wastewater towards biodegradable
by Fresnel-lens-assisted solar TiO, photocatalysis, Int. . Photoenergy 2012 (2012)
1-8, http://dx.doi.org/10.1155/2012/387052.

Y.K. Kho, W.Y. Teoh, L. Mddler, R. Amal, Dopant-free, polymorphic design of TiO,
nanocrystals by flame aerosol synthesis, Chem. Eng. Sci. 66 (2011) 2409-2416,
http://dx.doi.org/10.1016/j.ces.2011.02.058.

R. Perekrestov, P. Kudrna, M. Tichy, The deposition of titanium dioxide nanoparticles
by means of a hollow cathode plasma jet in dc regime, Plasma Sources Sci. Technol.
24 (2015) 035025, http://dx.doi.org/10.1088/0963-0252/24/3/035025.

Z. Hubicka, The Low Temperature Plasma Jet Sputtering Systems Applied for the
Deposition of Thin Films, Univerzita Palackého v Olomouci, Olomouc, 2012.

F.O. de Aradjo, E.O. de Almeida, C. Alves, ].A.P. da Costa, T. Dumelow, Deposition of
TiO, on silicon by sputtering in hollow cathode, Surf. Coat. Technol. 201 (2006)
2990-2993, http://dx.doi.org/10.1016/j.surfcoat.2006.06.015.

K. Ono, M. Wakabayashi, Y. Tsukakoshi, Y. Abe, Decorative black TiCxQy film fabri-
cated by DC magnetron sputtering without importing oxygen reactive gas, Appl.
Surf. Sci. 364 (2016) 69-74, http://dx.doi.org/10.1016/j.apsusc.2015.12.009.

V. Johdnek, M. Vaclavt, 1. Matolinova, 1. Khalakhan, S. Haviar, V. Matolin, High low-
temperature CO oxidation activity of platinum oxide prepared by magnetron
sputtering, Appl. Surf. Sci. 345 (2015) 319-328, http://dx.doi.org/10.1016/j.
apsusc.2015.03.108.

M. Bowes, P. Poolcharuansin, J.W. Bradley, Negative ion energy distributions in
reactive HiPIMS, J. Phys. Appl. Phys. 46 (2013) 045204, http://dx.doi.org/10.1088/
0022-3727/46/4/045204.

A.P. Ehiasarian, R. New, W.-D. Miinz, L. Hultman, U. Helmersson, V. Kouznetsov,
Influence of high power densities on the composition of pulsed magnetron plasmas,
Vacuum 65 (2002) 147-154.

M. Dobromir, A.V. Manole, V. Nica, R. Apetrei, M. Neagu, D. Luca, Analyzing the de-
velopment of N-doped TiO&lt;SUB&gt;2&It;/SUB&gt; thin films deposited by RF

[24]

[25]

[26]

[27]

(28]

[29]

129

magnetron sputtering, Sens. Lett. 11 (2013) 675-678, http://dx.doi.org/10.1166/
s1.2013.2936.

M. Dobromir, R.P. Apetrei, S. Rebegea, A.V. Manole, V. Nica, D. Luca, Synthesis and
characterization of RF sputtered WO3/TiO2 bilayers, Surf. Coat. Technol. 285
(2016) 197-202, http://dx.doi.org/10.1016/j.surfcoat.2015.11.031.

P. Kudrna, J. Kluson, S. Leshkov, M. Chichina, I. Pickov4, Z. Hubicka, et al., A study of
plasma parameters in hollow cathode plasma jet in pulse regime, Contrib. Plasma
Phys. 50 (2010) 886-891, http://dx.doi.org/10.1002/ctpp.201010150.

Z. Hubicka, G. Pribil, RJ. Soukup, N.J. lanno, Investigation of the rf and dc
hollow cathode plasma-jet sputtering systems for the deposition of silicon thin
films, Surf. Coat. Technol. 160 (2002) 114-123, http://dx.doi.org/10.1016/S0257-
8972(02)00389-4.

J.E. Polk, A.M. Capece, Materials characterization of impregnated W and W-Ir
cathodes after oxygen poisoning, Appl. Surf. Sci. 338 (2015) 27-34, http://dx.doi.
org/10.1016/j.apsusc.2015.02.116.

M. Hamadanian, V. Jabbari, A. Gravand, Dependence of energy conversion efficiency
of dye-sensitized solar cells on the annealing temperature of TiO, nanoparticles,
Mater. Sci. Semicond. Process. 15 (2012) 371-379, http://dx.doi.org/10.1016/j.
mssp.2011.12.004.

L. Que, Z. Lan, W. Wu, ]. Wu, ]. Lin, M. Huang, High-efficiency dye-sensitized solar
cells based on ultra-long single crystalline titanium dioxide nanowires, J. Power
Sources 266 (2014) 440-447, http://dx.doi.org/10.1016/j.jpowsour.2014.05.022.

[30] J. Gonzalez-Benito, E. Castillo, J.F. Caldito, Coefficient of thermal expansion of TiO,

[31]

132]

[33]
(34]
[35]

[36]

[37]

(38]

[39]

[40]

filled EVA based nanocomposites. A new insight about the influence of filler particle
size in composites, Eur. Polym. J. 49 (2013) 1747-1752, http://dx.doi.org/10.1016/j.
eurpolymj.2013.04.023.

R. Ashiri, A. Nemati, M. Sasani Ghamsari, Crack-free nanostructured BaTiO3;
thin films prepared by sol-gel dip-coating technique, Ceram. Int. 40 (2014)
8613-8619, http://dx.doi.org/10.1016/j.ceramint.2014.01.078.

X. Tang, Crack-free TiO, thin films with selfassembling nano-particles fabricated
through in-situ sol-gel processing in reverse micelles, Surf. Coat. Technol. 221
(2013) 37-43, http://dx.doi.org/10.1016/j.surfcoat.2013.01.025.

D.AH. Hanaor, C.C. Sorrell, Review of the anatase to rutile phase transformation, J.
Mater. Sci. 46 (2011) 855-874, http://dx.doi.org/10.1007/s10853-010-5113-0.

L. Bardos, 1. Stépanek, G. Karwasz, Neutral gas flow velocity profiles in the jet
plasma-chemical reactor, Vacuum 40 (1990) 449-452.

F. Dachille, P.Y. Simons, R. Roy, Pressure-temperature studies of anatase, brookite,
rutile and TiO,-1I, Am. Miner. 53 (1968) 1929-1939.

H. Kersten, H. Deutsch, H. Steffen, G.M.W. Kroesen, R. Hippler, The energy balance at
substrate surfaces during plasma processing, Vacuum 63 (2001) 385-431, http://
dx.doi.org/10.1016/5S0042-207X(01)00350-5.

Z. Wei, K. Yan, H. Chen, Y. Yi, T. Zhang, X. Long, et al., Cost-efficient clamping solar
cells using candle soot for hole extraction from ambipolar perovskites, Energy Envi-
ron. Sci. 7 (2014) 3326-3333, http://dx.doi.org/10.1039/C4EE01983K.

N.T. Mary Rosana, D. Joshua Amarnath, K.L. Vincent Joseph, A. Suresh, S. Anandan, G.
Saritha, Natural sensitizers for dye sensitized solar cell applications, Int. J. Sci. Eng.
Res. 5 (2014).

E.M. Abdou, H.S. Hafez, E. Bakir, M.S.A. Abdel-Mottaleb, Photostability of low cost
dye-sensitized solar cells based on natural and synthetic dyes, Spectrochim. Acta
A Mol. Biomol. Spectrosc. 115 (2013) 202-207, http://dx.doi.org/10.1016/j.saa.
2013.05.090.

M. Alhamed, A.S. Issa, A.W. Doubal, Studying of natural dyes properties as photo-
sensitizer for dye sensitized solar cells (DSSC), ]J. Electron. Devices 16 (2012)
1370-1383.


http://dx.doi.org/10.1016/j.rser.2015.07.052
http://dx.doi.org/10.1016/j.rser.2015.07.052
http://dx.doi.org/10.1016/j.matlet.2015.10.041
http://dx.doi.org/10.1016/j.spmi.2015.11.003
http://dx.doi.org/10.1007/s11434-011-4476-1
http://dx.doi.org/10.1016/j.jpowsour.2008.05.089
http://dx.doi.org/10.1016/j.jpowsour.2008.05.089
http://dx.doi.org/10.1088/0022-3727/42/10/105204
http://dx.doi.org/10.1016/j.ceramint.2015.02.066
http://dx.doi.org/10.1021/cr0500535
http://dx.doi.org/10.1021/cr0500535
http://dx.doi.org/10.1155/2012/387052
http://dx.doi.org/10.1016/j.ces.2011.02.058
http://dx.doi.org/10.1088/0963-0252/24/3/035025
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0085
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0085
http://dx.doi.org/10.1016/j.surfcoat.2006.06.015
http://dx.doi.org/10.1016/j.apsusc.2015.12.009
http://dx.doi.org/10.1016/j.apsusc.2015.03.108
http://dx.doi.org/10.1016/j.apsusc.2015.03.108
http://dx.doi.org/10.1088/0022-3727/46/4/045204
http://dx.doi.org/10.1088/0022-3727/46/4/045204
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0110
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0110
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0110
http://dx.doi.org/10.1166/sl.2013.2936
http://dx.doi.org/10.1166/sl.2013.2936
http://dx.doi.org/10.1016/j.surfcoat.2015.11.031
http://dx.doi.org/10.1002/ctpp.201010150
http://dx.doi.org/10.1016/S0257-8972(02)00389-4
http://dx.doi.org/10.1016/S0257-8972(02)00389-4
http://dx.doi.org/10.1016/j.apsusc.2015.02.116
http://dx.doi.org/10.1016/j.mssp.2011.12.004
http://dx.doi.org/10.1016/j.mssp.2011.12.004
http://dx.doi.org/10.1016/j.jpowsour.2014.05.022
http://dx.doi.org/10.1016/j.eurpolymj.2013.04.023
http://dx.doi.org/10.1016/j.eurpolymj.2013.04.023
http://dx.doi.org/10.1016/j.ceramint.2014.01.078
http://dx.doi.org/10.1016/j.surfcoat.2013.01.025
http://dx.doi.org/10.1007/s10853-010-5113-0
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0170
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0170
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0175
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0175
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0175
http://dx.doi.org/10.1016/S0042-207X(01)00350-5
http://dx.doi.org/10.1039/C4EE01983K
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0190
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0190
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0190
http://dx.doi.org/10.1016/j.saa.2013.05.090
http://dx.doi.org/10.1016/j.saa.2013.05.090
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0200
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0200
http://refhub.elsevier.com/S0257-8972(16)30088-3/rf0200

