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Abstract
This doctoral dissertation is composed of two parts. The first part of the work is dedicated to the
modification of YBCO film by Masked Ion Beam Structuring (MIBS) and the commensurability effects
between flux line lattice and defect lattice caused by ion irradiation. The motivation of this part of the
work is to understand better the physics of the vortex matter. The YBCO film was grown on MgO
substrate by Pulsed Laser Deposition (PLD) method. PLD is a thin film deposition method where high
power pulsed laser beam is employed to ablate the material on the target and to deposit thin film on the
substrate. This process occurs in high vacuum or in gas background. The main advantage of MIBS is the
direct, non-contact structuring of superconducting devices with a resolution mainly limited by masking
technique. MIBS is a parallel process that can be used for patterning large sample areas. It avoids surface
degradation. The resolution of the MIBS technique can be 10 nm for a 100 nm thick YBCO film irradiated
with 75 keV He+. The YBCO film modified by ion irradiation has higher resistivity by factor of ~ 3 at
temperature T = 290K, and much reduced critical temperature Tc ~47K and broadened transition ΔTc ~ 8K.
The YBCO film was irradiated with 75keV He+. The square array of nanodots with diameter 175 nm and
lattice constant 300 nm was produced using a Si stencil mask. The nanodots are serving as pinning centers
for vortices that arise in the superconducting materials of type II in the presence of the magnetic field.
The commensurability effects manifest themselves in pronounced minimum of magnetoresistance and
pronounced maximum of the critical current at the matching fields. The entire Jc(B) is described by
tentative model. Moreover, a strong hysteresis of magnetoresistance and the critical current density Jc(B)
is observed (Cooperation with Prof. Wolfgang Lang, University of Vienna). It is interesting to further
investigate the physics of vortex matter.
The second part of this work is dedicated to the growth of Aluminum doped ZnO (AZO) and pure ZnO thin
films on polymer substrates and on glass substrate for a comparison and the application in organic solar
cells. The motivation of this part of the work is that the replacement for ITO in photovoltaic applications
was tried. AZO and ZnO thin films were grown on the polymers Polyethylene terephthalate (PET) and
Fluorinated ethylene propylene (FEP) by PLD method. The smooth Al doped ZnO thin films with resistivity
(ρ < 1.5 mΩ cm) and high optical transmission (> 80%) in visible range were grown on PET at oxygen
pressure 10-3 mbar, laser fluence F = 1 J/cm2, at temperature TS = 20-175°C. The figure of merit (FOM) for
the films is equal to 0.72•10-3 Ω-1. The morphology of the films was investigated by Optical Microscopy
(OM) and Scanning Electron Microscopy (SEM), resistivity of the films was measured by 4 point method
and optical transmission was measured by Spectrophotometer Cary 500. AZO thin films on PET are used
as electron transport layer in organic solar cells with inverted structure. The sample structure was
PET/AZO/ZnO/P3HT:PCBM/MoO3/Ag. The power conversion efficiency (PCE) is ≈2.1 % for these organic
solar cells. AZO films on FEP have wrinkles and resistivity (ρ ≈ 10 mΩ cm) and the change of PLD
parameters does not improve the quality of the films. AZO and ZnO films were analyzed by Rutherford
Backscattering Spectrometry (RBS). ZnO thin films can be stochiometrically grown on PET at pressure p =
10-1 mbar in O2 and AZO films are stochiometrically grown on PET at pressure p = 10-3 mbar in
O2.(Cooperation with Prof. N. Serdar Sariciftci and Prof. Peter Bauer, Johannes Kepler University Linz). It is
interesting to improve the electrical properties of AZO thin films on polymer substrates and eventually
the PCE of the organic solar cells made from these samples.
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Zusammenfassung
Diese Dissertation besteht aus zwei Teilen. Der erste Teil der Arbeit beschreibt die Änderung der YBCO
Filme durch maskierte Ionenstrahlstrukturierung (MISS) und die Wechselwirkung zwischen dem
Flusslinien-Gitter und dem Nanopunkt-Gitter, das durch Ionenbestrahlung hergestellt wurde. Die
Motivation dieses Teils der Arbeit ist es, die Physik dieser Wechselwirkung besser zu verstehen. Die YBCO
Filme wurden auf MgO Substraten durch gepulste Laserabscheidung (PLD) gewachsen. PLD ist ein
Dünnfilm-Abscheidungsverfahren, bei dem ein gepulster Hochleistungs-Laserstrahl Material von einem
Target abträgt, das auf einem Substrat abgeschieden wird. Dieser Prozess erfolgt in Gas Hintergrund. Der
Hauptvorteil von MISS ist die direkte, kontaktlose Strukturierung von dünnen Filmen mit einer Auflösung,
die im Wesentlichen durch die verwendeten Masken beschränkt ist. MISS ist ein paralleler Prozess, der
zum Strukturieren größere Flächen verwendet werden kann und Oberflächenschädigung vermeidet. Die
Auflösung des MISS Technik kann bis zu 10 nm für einen 100 nm dicken YBCO Film sein, der mit 75 keV
He+ bestrahlt wurde. Bestrahlte YBCO Filme haben einen ca. 3-fach höheren Widerstand bei Raumtemperatur, eine stark reduzierte kritische Temperatur Tc ~ 47K und einen verbreiterten Übergang ΔTc ~ 8
K. Eine quadratische Anordnung von Nanopunkten mit Durchmesser 175 nm und Gitterkonstante 300 nm
wurde mittels Bestrahlung durch eine Silizium Maske mit entsprechenden Nano-Öffnungen erzeugt. Die
Nanopunkte dienen als Haftzentren für die Fluss-Schläuche, die in supraleitenden Materialien des Typs II
in Gegenwart eines Magnetfelds entstehen. Das Flusslinien-Gitter und das Nanopunkt-Gitter können
kommensurabel sein, was sich in ausgeprägten Minima des Magnetowiderstands R(B) und Maxima der
kritischen Stromdichte Jc(B) bei geeigneten Magnetfeldern manifestiert. Die Stromdichte Jc(B) wurde
modelliert und eine starke Hysterese von R(B) und von Jc(B) wurde beobachtet (Kooperation mit Prof.
Wolfgang Lang, Univ. Wien). Es ist interessant, diese Effekte der Fluss-Schläuche weiter zu untersuchen.
Der zweite Teil der Arbeit beschreibt das Wachstum von Aluminium dotiertem ZnO (AZO) und reinem ZnO
Dünnfilmen auf Polymersubstraten und Glassubstraten und die Anwendung dieser Filmen in organischen
Solarzellen. Die Motivation dieses Teils der Arbeit ist es, mögliche Ersatzmaterialien für ITO in
Photovoltaik-Anwendungen zu untersuchen. AZO und ZnO Dünnfilme wurden auf Polyethylenterephthalat (PET) und Fluorethylenpropylen (FEP) Polymer-Substraten mittels PLD gewachsen. Glatte Al
dotierten ZnO-Dünnfilme mit einem spezifischen Widerstand ρ < 1,5 mΩ cm und einer hohen optischen
Transmission T > 80 % im sichtbaren Bereich wurden auf PET bei einem Sauerstoff-druck 10-3 mbar,
Laserfluenz F = 1 J / cm2 und einer Temperatur TS = 20-175 °C hergestellt. Der Gütefaktor (FOM) für diese
Filme ist 0,72 • 10-3 Ω-1. Die Morphologie der Filme wurden durch optische Mikroskopie (OM) und
Rasterelektronenmikroskopie (REM) untersucht, der spezifische Widerstand der Filme wurde mit der 4Punkt-Methode und die optische Transmission wurde mit einem Spektralphotometer Cary 500 gemessen.
AZO Dünnschichten auf PET wurden als Elektronen-akzeptor- und Transportschicht in organischen
Solarzellen mit invertierter Struktur verwendet. Die Probenstruktur war PET / AZO / ZnO / P3HT: PCBM /
MoO3 / Ag. Die Energieumwandlungseffizienz (PCE) war ≈2.1 %. AZO-Filme auf FEP haben Falten und
einen höheren Widerstand (ρ ≈ 10 mΩ cm), der sich bei Änderung der PLD Parameter nicht reduziert. AZO
und ZnO Filme wurden mit Rutherford-Streuung analysiert. Stöchiometrisches Wachstum der Filme auf
PET erfolgt bei Sauerstoffdruck p = 10-1 mbar für ZnO und p = 10-3 mbar für AZO (Kooperationen mit Prof.
N. Serdar Sariciftci und Prof. Peter Bauer, Univ. Linz). Es ist interessant, die elektrischen Eigenschaften der
AZO Dünnschichten auf Polymersubstraten zu verbessern, um höhere PCE Werte für diese organischen
Solarzellen zu erreichen.
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1. Introduction to superconductivity
1.1 Brief history of superconductivity
In 1911 Heike Kamerlingh Onnes in Leiden discovered that the resistivity of mercury suddenly drops to
zero at the temperature below 4.2. This phenomenon was called superconductivity. Later he discovered
that sufficiently strong magnetic field restores the resistance of this material, so does the sufficiently
strong electric current.
Later many other metallic elements that are superconductors were discovered (table 1)

Table 1: The transition temperature Tc and critical magnetic fields for superconducting elements (after
Mathias and Geballe, adapted from Kittel 1986)
In 1933 Meissner and Ochsenfeld discovered magnetic field expulsion in superconductors in weak
external magnetic field at temperature lower than critical temperature, at that temperature the
resistance of superconductors becomes zero.
In 1934 F. and H. London proposed a two-fluid model to describe vanishing of resistance at T ≤ Tc. This
model explains the Meissner effect and predicts the penetration length λ. While the interior of the
superconducting material expels magnetic flux, the flux penetrates the superconductor at a depth of λ
and its magnitude decreases exponentially to the core of the superconductor.
In 1950 Vitaly Ginsburg and Lev Landau proposed Ginsburg-Landau theory to calculate the distribution of
the fields and the variation of the number of superconductivity electrons.
In 1957 Alexei Abrikosov suggested two types of superconductor materials: type-I and type-II
superconductors.
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In 1957 John Bardeen, Leon Cooper and Robert Schrieffer proposed the microscopic theory of
superconductivity, called BCS theory. In this theory they proposed that at sufficiently low temperatures
there is an attraction between two electrons that form so called Cooper pairs.
In 1962 Brian Josephson described quantum tunneling effects that could occur when tunneling current
flows through an extremely thin insulating layer between two superconductors.
In 1986 Georg Bedhorz and Klaus Alex Müller discovered superconductivity in cuprate oxides. The
superconductivity was observed at ~ 30 K in LaBaCuO ceramics. In figure 1, the evolution of critical
temperatures for superconductors is presented.
In 1987 the group coordinated by K.Wu and Paul Chu discovered Y1Ba2Cu3O7 ceramics with critical
temperature equals to 92K. It completely changed the picture of the superconductivity because Tc – value
of this material is much higher than the temperatures predicted by BCS theory. Moreover, this
temperature is above that of liquid nitrogen that is much cheaper than liquid helium [1].

Figure 1 The evolution of critical temperatures since the discovery of superconductivity [1].
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It is worth to mention Nobel laureates in field of superconductivity. In 1913, H. Kamerlingh Onnes
received the Nobel Prize in Physics “for his investigations on the properties of matter at low temperatures
which led, inter alia, to the production of liquid helium”. In 1972, J. Bardeen, L.N. Cooper, J.R. Schriffer
received the Nobel Prize in Physics “for their jointly developed theory of superconductivity, usually called
the BSC-theory”. In 1973, B.D. Josephson received the Nobel Prize in Physics “for his theoretical
predictions of the properties of a supercurrent through a tunnel barrier, … phenomena … known as
Josephson effects” and in the same year L. Esaki and I. Giaever received the Nobel Prize in Physics “for
their experimental discoveries regarding tunneling phenomena in semiconductors and superconductors,
respectively”. In 1987, J.G. Bednorz and K.A. Müller received the Nobel Prize in Physics “for their
important break-through in the discovery of superconductivity in ceramic materials”. In 2003, A.A.
Abrikosov, V.L. Ginsburg, A.J. Leggett received the Nobel Prize in Physics “for their pioneering
contributions to the theory of superconductors and superfluids”.

1.2 What is a Superconductor?
The materials that have zero resistivity for all temperatures below critical temperature, Tc (Figure 2) and
zero magnetic inductance inside the superconductor at temperatures below critical temperature in the
presence of weak magnetic field are called superconductors. The expel of magnetic field in
superconductors is called Meissner effect (Figure 3).

Figure 2 The temperature dependence of the electrical resistivity of a normal metal and a superconductor
[2]
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Figure 3 (a) Below its Tc, a superconductor completely expels magnetic lines of force from its interior. (b)
In magnetic levitation, a small magnet “floats” over a disk of a high-temperature superconducting
material (YBa2Cu3O7−x) cooled in liquid nitrogen [2].

1.3 Type I and Type II superconductors
Superconductors that completely expel magnetic flux until they become normal are called type I
superconductors. For type II superconductors, there are the lower critical field Bc1 and the upper critical
field Bc2 (Figures 4, 5). Until field Bc1 the magnetic field is expelled completely like in type I
superconductors, and in the field between Bc1 and Bc2 the magnetic field can penetrate the
superconductor in the form of vortices (Figure 6). The superconductor in this state is called to be in the
mixed state.

Figure 4 The dependence of magnetic field vs T in type I and type II superconductors [3]
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Figure 5 The dependence of magnetization on applied magnetic field in type I and Type II
superconductors [4]

Figure 6. Flux penetration in the mixed state (after Decroux and Fischer 1989)

1.4 Critical Current
In type II superconductors above lower critical field Bc1 the vortices appear in the material. The current
can move these vortices and energy dissipation can occur and this creates resistance in the
superconducting materials. This can happen if Lorentz force created by current is larger than the pinning
force. These pinning forces are caused by pinning of the vortices in the superconductor. The pinning of
vortices can be created by sites out of which the vortices cannot leave. These sites can be inclusions of
normal metal, impurities, flaws and others. The vortices in these inclusions are in energy favorable
conditions and they will stay in these inclusions unless you don’t put force on them to get out of them
(Figure 7).
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Figure 7 Vortex pinning at normal conducting (NC) inclusion energetically favored (Vortex formation
requires transformation from superconducting state to normal state) [5]

1.5 The energy gap in superconductors
The superconductors have the energy gap, Eg = 2Δ(T), where 2Δ(T=0) = 3.5kBTc (from BCS theory
[1])(Figure 8).
While in the semiconductor, the energy gap is the energy difference between the valence and the
conduction band, in the superconductor the energy gap is due to the energy needed to break a Cooper
pair [1].

Figure 8 Schematic density of states of a normal metal and a superconductor around Fermi energy EF
(after Bardeen, 1990).
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1.6 Flux quantization
The magnetic flux through superconducting loop cannot have an arbitrary value but should have a value
multiple of Φ0 = h/2e. This was experimentally proved [6,7]. The experimental setup of Doll and Näbauer
is shown in Figure 9. In the experiment of Doll and Näbauer, the mechanical torque exerted by a magnetic
field on a lead tube with frozen-in magnetic flux was measured [6] The flux quantization was also proved
with experiment with superconducting cylinders where trapped flux in cylinder was measured as a
function of magnetic field in which the cylinder was cooled below the superconducting transition
temperature [7]. The results of these experiments clearly showed that magnetic flux through the ring is
quantized (Figure 10).

Figure 9 Experimental set up of Doll and Näbauer [8].

Figure 10 Experimental results of Doll & Näbauer and Deaver& Fairbank [8]
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1.7 High temperature superconducting materials
In 1986 George Bednorz and Alex Müller discovered La2-xSrxCuO4 with Tc of ~38 K. The high-Tc revolution
started. In the following years many high temperature superconductors were discovered (Figure 11). One
of them is YBa2Cu3O7 superconductor (YBCO). In this study we will work with YBCO and we will consider
the properties of YBCO.

Figure 11 Superconductor timeline.
1.7.1 Yttrium-Barium-Copper-Oxide (YBCO)
The structure of YBa2Cu3 O7 (figure 12) is highly anisotropic and layered. The crystalline structure of
YBa2Cu3O7 that is superconducting is orthorhombic. On the other hand the crystalline structure of
YBa2Cu3O6 is tetragonal.
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Figure 12 Single unit of YBCO

The oxygen content can be changed by pumping oxygen in and out of the CuO chains running along b
axis. When the oxygen content is equal to 6 the structure is tetragonal, in case when the oxygen content
is 6.4 the superconducting state is becoming dominant. At the oxygen content of 6.95, the Tc of the
superconducting state is equal to 93 K, the highest one and it also has the metallic properties at this
oxygen content and at the oxygen content less than 6.4 it is becoming insulating (figure 13). At the
oxygen content of 7.0 the CuO chains are completely filled.
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Figure 13 Variation of the critical temperature upon doping in YBa2Cu3O6+x [1]
YBa2Cu3O6 is an insulating antiferromagnet. At the oxygen content more than 6.4 the crystal is becoming
metallic, nonmagnetic and superconducting (figure 14).

Figure 14 Schematic diagram of a cuprate superconductor [1]
YBCO has anisotropic properties due to its layered structure. The magnetic penetration depth is equal to
λab = 150 nm and λc = 800 nm at T<<Tc, the Ginsburg-Landau coherence length ξab = 1.6 nm and ξc = 0.3 nm
at T<<Tc , the room temperature resistivity for single crystal ρab ≈ 0.15 mΩ*cm and ρc ≈ 5 mΩ*cm at T =
300 K.
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The critical current density Jc of YBCO depends on its microstructure and in figure 15 the dependence of
the critical current density of YBCO of different microstructure on applied magnetic field is shown.

Figure 15 Critical current density of YBCO of different microstructure [1].
1.7.2 Lawrence-Doniach Model for layered Oxides
The layered superconductors such as YBCO can be considered as a system of superconducting layers (the
CuO2planes) separated by Josephson interaction ( figure 16). Such a model of layers is called LawrenceDoniach Model.

Figure 16 Schematic diagram of the Lawrence-Doniach model: two superconducting layers coupled by
Josephson junction [1].
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𝑐
For the external field B parallel to the c-axis of the cuprate crystal and > 𝐵𝑐1
the Abrikosov vortex lattice is
formed predominately in the CuO2 plane and as the Josephson junction between CuO2 planes exists we
can suppose that we have two-dimensional vortex lines in the CuO2 plane. (figure 17)

Figure 17 Schematic drawing of two-dimensional (2D) vortex lines in a HTSC oxide [1].
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2. High temperature superconducting thin films
2.1 Deposition of high temperature superconducting thin films by PLD method
The growth of crystal is slow and complicated process. Therefore, the thin films with high crystallinity
could be good option for investigations. Moreover, the thin films could be produced on large surfaces and
it is easy to make complicated structures for characterization on thin films with techniques as lithography
and etching. Therefore the thin films are good materials for studies in reduced dimension physics. There
are many techniques to produce the thin films such as chemical vapor deposition (CVD), molecular beam
epitaxy (MBE), metal organic molecular beam epitaxy (MOMBE), ion beam deposition (IBD), ion beam
assisted deposition (IBAD), DC-, RF-, magnetron sputtering and pulsed laser deposition (PLD).
Though, PLD is one of the optimal techniques to produce high temperature superconducting thin films.
2.1.1 Pulsed Laser Deposition (PLD)
The process of deposition of the thin films by PLD is described in literature [1,2]. There are a target holder
and a substrate holder in a chamber that is connected with vacuum system and temperature controller
and laser outside of the chamber used to ablate the target material and optical system that helps to focus
the laser to the target for ablation and raster the beam on the target surface (figure 1).

Figure 1 Schematic of PLD setup.
The main advantage of PLD method is its very high versatility. The many parameters in PLD can be
changed independently such as laser fluence, distance between substrate and target, type and pressure
of background gas, temperature of the substrate, laser pulse repetition rate and etc. There is also
possibility to make multilayers by simply changing the target for ablation. Because of a strong forward
direction of plasma plume in PLD it is possible to deposit materials on the internal walls of the cylindrical
cavity [3].
However there are also many disadvantages of this technique as not homogeneous deposition of the
films on larger areas, variation of film thickness and formation of particulates. There is also solution for
these disadvantages such as roll-to –roll systems for coating long tapes. As an example can be deposition
of YBCO thin film on long tape [4] and deposition of GdBCO on long tape [5].
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The formation of particulates is one of the problems in PLD. Vapour phase condensation, the ejection of
melt droplets, and larger fragments from target, non-stoichometric deposition, the growth of secondary
phases in films are the main mechanisms for formation of the particulates in the thin films. For reducing
the coverage by particulates, the PLD parameters as laser fluence, target scanning and background
pressure can be tuned [1].
Moreover, many in-situ and ex-situ techniques exist to reduce the coverage by particulates. The use of
gated mechanical shutters and shadow masks [6], the ablation from two targets producing overlapping
plasma [7], deposition on off-axis position of the substrate [8] are in situ techniques to reduce the
particulates. After deposition (ex-situ techniques) the particulates can be removed by ion beam
processing (milling) [9] and chemical-mechanical polishing [10].
There are 3 processes during PLD as the interaction of laser light with matter, the plasma plume
expansion and interaction between ablated species and background gas and species condensation on the
surface and the formation of the film.
Material removal under the impact of short high-intensity laser pulses is called pulsed laser ablation
(PLA). In PLA the dissipation of the excitation energy beyond the volume of the ablated material during
the pulse should be widely suppressed. This is possible if the thickness of the layer ablated per pulse, Δh,
is of the order of the heat penetration depth lT, or the optical penetration depth lα , in the dependence on
which is the larger,
Δh ≈ max(lT,lα)

(1)

where lT ≈ 2(Dτl)1/2

(2)

and lα = α-1

(3).

DT is the thermal diffusivity and is equal to k/ρcp, and k is the thermal conductivity, ρ – the density and cp
– the specific heat of the given material, α – the absorption coefficient, τl – the duration of the laser pulse.
From the energy balance:
Δh = (([(P –PS)•(1 – R)] – PC)/(AS[ΔHv + ΔHm + ρcp•(Tv – TR)]))•τl

(4)

Here P is the laser power, PS the power loss due to shielding by the evaporated material, PC the power
lost by heat conduction, R the reflectivity of the irradiated material, ΔHv the enthalpy of evaporation, ΔHm
the enthalpy of melting, TR the ambient temperature and Tv the evaporation temperature.
From (4) it is clear that for laser ablation the laser fluence (F = E/AS) is very important parameter. The
material from the target can be removed only if the fluence is higher than the threshold fluence. But the
stoichiometric ablation can be achieved only if the fluence is much higher than threshold fluence. For
YBCO, the threshold fluence is about 1 J/cm2 for UV nanosecond laser ablation and the stoichiometric
ablation can be achieved at the fluence 3-4 J/cm2.
To satisfy (1) both lT and lα should be minimized. This can be achieved with short laser pulses in the range
of 10-8seconds and with short laser wavelengths. For YBCO and KrF laser the lT ≈150 nm and lα ≈ 30 nm
(using DT ≈ 0.01 cm2/s, which is the average with respect to crystallographic directions). In the
experiments the ceramic targets are usually used due to their granular structure, they demonstrate
reduced thermal conductivity and enhanced extinction.
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The thin film growth is defined by the interaction of adsorbed atoms with each other and with substrate.
There are three different growth methods for the thin film formations. Three dimensional island growth
(Volmer-Weber), two-dimensional growth of monolayers and then nucleation and growth of threedimensional islands (Stranski-Krastanov) and two-dimensional monolayer growth (Frank-van der Merwe)
(figure 2) [11].

Figure 2. Thin film growth modes. A) Volmer-Weber - three dimensional island growth , B) StranskiKrastanov – two-dimensional growth of full monolayers followed by nucleation and growth of threedimensional islands, C) Frank-van der Merwe - two-dimensional full monolayer growth [11].
The formation of the thin films involves many processes such as atom deposition on substrate, atom reevaporation from substrate, re-evaporation from cluster, atom deposition on cluster, cluster nucleation,
diffusion to cluster, dissociation of cluster (figure 3) [11,12].

Figure 3. The processes involved in the thin film formation [11].

2.2 Patterning of high-temperature superconducting thin films
Patterning of HTS thin films to micrometer or nanometer scale is necessary for the measurements of
electrical and superconducting properties and for the investigation of the properties of HTS
nanomaterials. There are different methods for patterning of thin film such as photo-lithography [13],

21

electron beam lithography [13, 14, 15], ion beam lithography [16] and mask ion beam direct structuring
(MIBS) [17, 18].
2.2.1 Photolithography
In photolithography, first the film with a substrate is coated with a photoresist layer. There are two types
of photoresist layers: negative photoresist layer and positive photoresist layer (figure 4).

Figure 4. Photolithography of thin films: on the negative resist (on the left) and on the positive resist (on
the right) [19].

Then the sample with photoresist layer is baked to dissolve the solvent from the photoresist layer. The
next step is to expose the photoresist to ultraviolet (UV) light. When the positive photoresist is exposed
to ultraviolet light, the polymer photoresist degrades. When the negative photoresist is exposed to
ultraviolet light, the photoresist polymerizes and becomes insoluble. After the photoresist is exposed to
ultraviolet light, it is put in the special developer and then the exposed parts are dissolved in the
developer if the positive resist is used. If negative resist is used the unexposed parts are dissolved in the
developer (figure 4). After the development of photoresist the uncovered parts of HTS thin films are
removed by wet chemical etching or reactive ion etching (figure 5)
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Figure 5 Etching of thin films a) wet chemical etching and b) reactive ion etching [20].

For wet chemical etching hydrochloric acid can be used as an etchant. In reactive ion etching, directed ion
beams can be used to remove the uncovered parts of the film. Reactive ion etching can be preferable
because the well-defined nanostructures with smooth vertical planes can be created (figure 5). Finally the
resist can be removed by organic solvent and the films have desired patterns (figure 4). The size of
feature is limited by diffraction limits and the wavelength of light during the exposure with the ultraviolet
light.

2.2.2 Electron beam lithography
Electron beam lithography (EBL) is a technique used to pattern thin films. The masks are not used in this
technique and it is computer controlled. The electron beams of 10-50 keV energy are used to pattern the
resist. In figure 6 the typical electron lithography system is shown.
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Figure 6 Diagram showing the major components of a typical electron beam lithography system [21].
The electrons are emitted by an electron gun and accelerated by electron optical system then focused
onto the resist layer. As in photolithography there are two types of resists: positive and negative resists.
When the positive resist is used the exposed parts are removed and when negative resist is used
unexposed parts are removed. The EBL is not limited by diffraction effects compared to photolithography
technique. The size of patterns can be down to 10 to 20 nm but the process of electron beam lithography
is slow. EBL has also other disadvantages as the scattering of primary electrons of the incident beam. The
secondary electrons in the resist can also be created.

2.2.3 Ion beam lithography
Ion beam lithography (IBL) is very similar to Electron beam lithography but uses instead of electrons ions.
The diffraction with ions is negligible, and ions also move straighter both through matter and through
vacuum than electrons move. Though, more intense sources and higher acceleration voltages are needed
for ions because they have bigger masses than electrons. In ion beam lithography, focused ion beam (FIB)
is used. FIB operates in the similar manner as SEM but it uses a beam of ions not a beam of electrons
(figure 7) [22].
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Figure 7 Schematic of Focused Ion Beam [22].
As ions, a beam of gallium is usually used. In figure 8, the gallium primary ion beam hits the surface and
the material can be removed.

Figure 8 Principle of FIB
However, FIB is destructive to the sample and Ga implantation in the surface of the sample can make the
surface amorphous.

2.3 Ion modification and Masked Ion Beam Structuring
2.3.1 Masked Ion Beam Structuring of thin films
Masked Ion Beam Structuring (MIBS) is a technique to perform patterns on the thin films in nanoscale. In
MIBS, a large ion beam is used through a silicon stensil mask. A silicon stencil mask with various test
patterns with dimensions from about 50 nm to 1.5 µm can be used. The MIBS system is shown in figure 9.
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Figure 9 MIBS system [23]
The noble gas ions as He+, Ar+, Xe+ can be used for ion irradiation of the thin films. The energy of ions is in
the range of 3-4 keV. The ions are projected and accelerated through the optical system and electrode
system. The ions are penetrating the mask and modifying the thin films. After ion irradiation the
uncovered parts of the superconducting thin film become non-superconducting and covered parts of the
thin film stay superconducting. The principle of MIBS is presented in figure 10.

Figure 10 The principle of MIBS of HTS thin films.
The advantages of MIBS are that it is single step resistless process. MIBS can be also applied for large
processing area. There are no etching (material removal) and no Ga-implantation as in FIB. The arbitrary
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pattern can be applied and it is fast compared to EBL. The disadvantages of this method: the mask and ion
irradiation system are required.
2.3.2 Ion modification of YBCO thin film by MIBS
Computer simulations of atomic collision cascades can well predict the damage effects for various ions.
The programs SRIM/TRIM [24] and MARLOWE [25] are used for prediction of ion interactions with
targets. The calculations are made for 100-nm-thick film of YBa2Cu3O7 on MgO substrate. Simulations
made for other superconductors as Bi2Sr2CaCu2O8 and HgBa2CaCu2O6 showed the similar results [26]. The
collision cascades with ions such as H+, He+, Ne+ and Pb+ were performed by SRIM program and presented
in figure 11.

a)

b)

b)

d)

Figure 11 SRIM program calculations of cascades for 100 ions of a) H+, b)He+, c)Ne+, d)Pb+ on 100 nm thick
YBCO film.
In the case of protons, the protons go through the 100 nm YBCO film and there is a very few defects in
100 nm thin YBCO film (figure11a). About 99,7 % of ions go through the film, the other are backscattered
and almost nothing is implanted. The average number of defects is equal to 0.5/ion. In the case of He+
ions, about 99% of them penetrate the thin film. The number of defects are considerably larger and
equals to 9.7/ion (figure 11b). The lateral straggle is equal to approximately 10 nm. There is much more
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considerable impact when Ne+ ions go through 100 nm thick YBCO film (figure 11c). The number of
defects is equal to 476/ion and there are also much displacement of Y and Ba. About 37% of the ions are
implanted and most of ions are deflected from their direction. Such defects can lead to amortization of
YBCO film. When Pb+ ions are used (figure 11d). The most of ions are implanted in the film and most of
defects are observed at the depth of 30 nm but ions should penetrate the entire film. From these results,
it is reasonable to use He+ ions for ion irradiation of YBCO thin film samples.
The probability for transmission, backscattering and implantation of He+ ions in YBCO film as a function of
energy is presented in figure 12 [27].

Figure 12 Probability of He+ ions for transmission, backscattering and implantation in a 100 nm thick YBCO
film as function of energy.
The simulation was performed with MARLOWE program. The angle of incidende is 5° off the c-axis and 5°
from a-axis of azimuth angle. This is made to avoid any channeling effects. From these results, we can
conclude that the most suitable energy for ion irradiation is equal to 75 keV. In figure 13, there is possible
to see how much energy of ions left after transmission of ions through 100 nm thick thin film of YBCO
film. The calculation is made with SRIM program [26].
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Figure 13 Histogram of the energy distribution of He+ ions with energy of 75 keV after transmission
through a 100 nm thick YBCO film.
Channeling effects are quite known. Here, the number of oxygen defects created by He+ ions with energy
of 75 keV through 100 nm thick YBCO film under various angles of incidence is presented (figure 14). The
ion dose is 1x1015 cm-2. The most frequent defects in YBCO films are displacement of oxygen atoms. From
there results, it is reasonable to take an angle of incidence at 6±1° from c axis [27].

Figure 14 Number of oxygen defects per unit cell at various angles of incidence in 100 nm thick YBCO film
after irradiation with He+ ions of energy 75 keV at a dose of 1x1015 cm-2
Irradiation of YBCO film with 50 keV or 130 keV He+ lead to orthogonal to tetragonal transition of the
crystal lattice because of oxygen displacement at a dose of approximately 5x1015 cm-2. Though, extended
defects cannot be observed in TEM investigations below this threshold [28]. The amorphous zones after
irradiation with 500 keV O+ were created [29]. Stable amorphous areas in compound GdBa2Cu3O7 were
observed by high resolution electron microscopy (HREM) after irradiation with 300 keV Ne+ and 100 keV
Xe+ions with increasing dose [30]
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The influence of of 75 keV He+ ion irradiation on the structure of YBCO film is studied by XRD analysis
(figure 15) [31].

Figure 15 X-ray analysis of YBCO film before and after irradiation with 75 keV He+ ions [31].
No considerable change was observed in the curves in comparison with non-irradiated YBCO thin films
with a dose up to 5x1015 cm-2. Though, the structure of YBCO is becoming amorphous at a dose of 1x1016
cm-2 (figure 15).
Irradiation with 200 keV Ne+ ions was also tried. This irradiation leads to a large broadening of the
transition of superconductivity and no change in onset temperature of superconductivity [32]. Irradiation
with Be+, Ne+, and Ar+ ions of energies from 1 to 3.5 MeV resulted in increase of resistivity at room
temperature and reduction of critical temperature Tc [33]. Though, the superconducting transition still
stayed broad.
Only in few studies, it was reported that the resistivity at room temperature is increased and critical
temperature Tc is decreased but with sharp transition. This could be achieved with He+ ion irradiation
with moderate energy [34, 35]
The effect of the ion irradiation on the resistivity of 100 nm thick YBCO thin film is shown (figure 16) [35].
The superconducting transition remains sharp up to a dose of 1.5x1015 cm-2 and becomes broader. At a
dose of 3x1015 cm-2 YBCO film is becoming not superconducting anymore. In addition, the resistivity at
room temperature is increasing with a dose of ion irradiation and critical temperature Tc is decreasing
(figure 16).
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Figure 16 The resistivity vs T measurements of 100 nm thick YBCO thin film after irradiation with 75 keV
He+ions.
Moreover, the dependence of resistivity vs T remains linear and the slope stays the same but the offset at
T = 0 increases with a dose up to a dose of 2x1015 cm-2 (figure 17). All these factors indicate that the
number of mobile carriers remained the same but the number of defects increased with irradiation dose
[36]

Figure 17 Resistivity vs temperature dependence of 100 nm thick YBCO thin film before and after
irradiation with 75 keV He+ ions.
In figure 18, the change of YBCO film resistance is monitored during irradiation and non- radiation. YBCO
film was deposited on MgO substrate with the thickness of 310 nm. The YBCO film was patterned into
bridges of 100 µm width and 1000 µm length. The YBCO film was irradiated with 75 keV He+ ions at
normal incidence with dose of 1x1014 cm-2 and exposure time of 160 s. A stainless steel platelet with a
31

hole of 2 mm diameter was used as mask to protect the contact pads from irradiation. From the figure 18,
the increase of resistance is observed during irradiation and when irradiation stops, the resistance relaxes
slightly. There is some annealing of defects happening. Though despite of this annealing effect, the He+
ions bombardment makes a permanent modification in YBCO film because no change in resistivity
measurements of irradiated YBCO film happened after months from the first measurements.

Figure 18 Time evolution of resistance of YBCO thin film after irradiation with 75 keV He+ ions and a dose
of 1x1014 cm-2 (ion current density jB = 0.1 ± 0.0025 µA/cm2) [31].
Chemical etching and ion milling are common techniques for the patterning of HTS film but these
techniques can have problem such as possible degradation of the surface after removal of the photoresist
and it can also involve several processing steps. Therefore, the novel method Masked Ion Beam direct
Structuring (MIBS) can be used. For practical use of MIBS, it is crucial to study the possible resolution of
this technique. For this, a computer simulation of the lateral straggle of the collision cascades was
conducted and presented in figure 19. The lateral resolution is about 10 nm.

32

Figure 19 MARLOWE simulation: A 100 nm thick YBCO film is irradiated with 75 keV He+ through a mask
50x50 nm2 hole, at a dose of 1x1014 cm-2[37].
From the figure, it is clear that mostly oxygen atoms are displaced in the YBCO structure. The
nanostructures as nano-dots structures with diameter less than 200 nm and pitch of ~250 nm (figure 20
a) and different patterns of nanolines with line-to-line spacing below 100 nm (figure 20 b,c) are achieved
by MIBS [38]. Dark areas in the figure correspond to irradiated areas.

Figure 20 Scanning electron microscopy image of YBCO thin film after He+ ion irradiation. Dark areas
correspond to ion-irradiated areas. A) nano-dots structures, B, C) different patterns of nanolines.
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3. Transparent conductive oxides and organic solar cell
3.1 Transparent conductive oxides
Transparent conductive oxides (TCO) are used in multiple applications, such as transparent contacts for
solar cells, optoelectronic devices, liquid crystal devices, flat panel displays, touching screens, etc.
Cadmium oxide (CdO) was the first TCO and is used for solar cells in the beginning of 1900’s. Tin oxide
(SnO2) was first TCO deposited on glass by pyrolysis and CVD in the 1940’s. In the table 1, one can find the
electrical properties of several n-type transparent oxides.
TCO

Lowest reported resistivity (mΩ•cm)

ITO

114

In2O3

100

SnO2

400

ZnO

120

ZnO:Al

1300

CdSnO2

130

CdO:In

60

Table 1 Resistivity of the selected transparent oxides [1].
3.1.1 The electrical and optical properties of transparent conductive oxides
Due to their energy band structure (bandgap of 1-2 eV), these semiconducting materials are transparent
in NIR and IR wavelength range and can be conductive. The conductivity of these materials can be
improved by doping while their transmittance is not degraded. It is known that electrical conduction in
metals is due to free electrons in the conduction band (figure 1b) In metals, Fermi energy is inside an
allowed energy band and the occupied energy levels are right below the Fermi energy level, the electrons
can easily be moved to the empty or partially filled conduction band.
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Figure 1 Bands in a) semiconductors and b) in metals [2].
From classical Drude theory, one can define conductivity as
σ=

𝑛𝑒 2 𝜏
𝑚

(1),

where n – the electron density in the conduction band, e – the charge of the electron, τ – average time
between collisions, m – the mass of the electron.
In case of the semiconductors the situation is different, there is a bandgap between conduction band and
valence band (figure 1). So the conductivity from electrons and holes can be defined as
σ = e2(𝑛ℎ 𝜏ℎ ⁄𝑚ℎ∗ + 𝑛𝑒 𝜏𝑒 ⁄𝑚𝑒∗ )

(2),

where the electron and hole contributions are separated and 𝑚ℎ∗ - the effective mass of the hole and 𝑚𝑒∗ the effective mass of the electron.
Semiconductors can be doped with donors (n-type) or acceptors (p-type) to improve their electrical
properties. Doping introduces states just below conduction (n-type) band or just above valence band (ptype) (figure 2).
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Figure 2 Schematic band diagram, density of states, Fermi-Dirac distribution, and carrier concentration for
a) intrinsic, b) n-type and c) p-type semiconductors at thermal equilibrium [3].
Defects also create states in the band gap. This can increase or decrease conductivity. Doping and defect
sites can make the same effect on transparent insulating materials such as ZnO, In2O3, CdO and SnO2. The
oxygen vacancies and doping can be used to improve conductivity of these materials. In figure 3, one can
see tin(Sn) doping in an indium oxide (In2O3) lattice.

Figure 3 Sn doping in In2O3 lattice [1].
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The Sn atom occupies interstitial site and contributes an electron making the indium oxide into Sn-doped
indium oxide (ITO). In figure 4, there is assumed band structure of indium oxide and Sn-doped indium
oxide. Moreover, oxygen vacancies are responsible for the electrons in the conduction band [1].

Figure 4 Assumed band structure of In2O3 and ITO [1].
Defect sites can also scatter the electrons. As a result there is a resistivity minimum, where contributions
from doping and scattering are counted [1]. Resistivity is high for low doping concentrations and high for
too high doping concentrations. In figure 5, one can see the well of resistivity for low and high doping
concentrations [1].

Figure 5 Resistivity well for TCO.
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The optical properties of TCO also depend on doping and oxygen vacancies. Drude model can be also
used to model optical properties of the metals and transparent conductive oxides. The AC electrical
conductivity becomes [4]
σ(ω) =

𝑛𝑒 2 𝜏
1
•
𝑚 1−𝑖𝜔𝜏

(3).

The relative permittivity is [5]
ε=1where 𝜔𝑝2 =

1
𝑛𝑒 2
•
𝜔2 +𝑖𝛾𝜔 𝜀0 𝑚

𝑛𝑒 2
𝜀0 𝑚

(4),

is the plasma frequency

The plasma frequency is the most important concept for describing the optical properties of solids and is
the natural frequency of oscillation, or frequency of the electron gas. The expressions for the reflectivity
of metals and transparent conducting materials are defined from these relations. The plasma wavelength
(~1/ωp) for most n-type transparent conductive oxides is in the NIR. In figure 6, the behavior of the
reflectance near the plasma frequency is presented. The transparent conductive oxide materials are
highly reflective at frequencies lower than the plasma frequency and transmitting at higher frequencies.
The free carriers also absorb electromagnetic radiation in the area near the plasma frequency [1].

Figure 6 Reflectivity as a function of frequency normalized to the plasma frequency [1]
The spectral transmittance, reflectance, and absorption of a sputtered ITO film are shown in the figure 7.
The plasma wavelength is in the NIR and reflectance increases at longer wavelength (figure 7). From the
figure 7, one can see that the transmittance is high at visible wavelengths and reflectance increases in the
NIR-IR [1].
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Figure 7 The spectral transmittance, reflectance and absorption of a magnetron sputtered ITO film [1].
The similar behavior of the optical transmission is observed for Al:ZnO and Ga:ZnO films on glass
substrates (figure 8)[6].The transmission is high in visible range and shows oscillatory behavior due to
Fabry-Perot interference. The transmission starts to drop rapidly at wavelength of ~1 µm in the NIR and
becomes vanishingly small at wavelength of ~3µm for Al:ZnO and Ga:ZnO thin films.
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Figure 8 Optical transmission of Al:ZnO (a) and Ga:ZnO (b) thin films . Calculated transmission of metal
doped ZnO films (solid lines “sim1”) and of undoped pure ZnO films (dashed lines “sim2”) [6].
3.1.2 Deposition of AZO
AZO thin films were deposited by PLD [7, 8, 9, 10, 11, 12], sputtering techniques [13, 14, 15, 16, 17, 18].
The conductive thin films were employed for producing organic solar cell [19, 20, 21, 22, 23]. The roll-to
roll manufacturing of organic solar cells can be also interesting [24,25]. The area of flexible organic solar
cell can be reached to 16 m2 [26].

3.2 Introduction to organic solar cell
3.2.1 Principle of Operation
In figure 9, the basic principle of organic solar cell operation is demonstrated [27]. The following
processes occurring in the organic solar cell (OSC):


A photon is absorbed in the active layer, creating an exciton



The exciton dissociates into separate charges



The separated charges are carried towards electrodes, electrons to cathode and holes to anode.



The charge carriers are collected at the electrodes and if the electrical circuit is connected to the
electrodes, the current goes through it [28].
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Figure 9 The basic principle of operation of organic solar cell [27].
In the dark, the basic solar cell can be presented as a diode. It is represented by the darker curve in figure
10 [29]. In a reverse bias, when electrons move from the anode to the cathode, there will not be a
current. There is quite high energy barrier for electrons because electrons should jump from the anode
conduction band (CB) to the LUMO of the donor (figure 9). In forward bias, when electrons move from
the cathode to the anode, there is an injection barrier. Only when this injection barrier is overcome can
current go. In the figure 10, darker curve represent a typical curve for a diode. There is no current in the
reverse bias and large current in the forward bias after threshold. The lighter curve shows what happens
with solar cell under illumination. Under illumination, the photons are absorbed, exciton is created, after
it diffuses to interface. At interface, it dissociates into electron and hole, then electrons move to the
cathode and holes to the anode, thus creating a reverse current, called a photocurrent. The current goes
in the curve under illumination even though there is no applied voltage (figure 10).

Figure 10 Light and dark voltage current graph for an OSC [29]
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The photocurrent can be referred as short circuit current Isc because it flows when no voltage is applied. If
you start to apply voltage the current in forward bias will start to compensate the photocurrent in
reversed bias. Eventually at some point the current in forward bias will completely compensate the
photocurrent in reversed bias. At that voltage called open circuit voltage Voc the current will become
equal to zero (figure 10).
An OSC can be modelled as a current source with a diode in parallel [28]. The electrical circuit equivalent
to OSC is shown in figure 11a. OSC in the dark is a diode and the current that flows through it under
applied voltage is Idark(V). Under illumination the diode current (ID) acts in an opposite direction to the
photocurrent (Il), reducing the total current. This diode current can be approximated by Idark(V) for most
photovoltaic materials. So, the current I in an ideal OSC under illumination equals to:
I = Il - Idark(V) = Il – I0(𝑒 𝑒𝑉/𝐾𝑇 - 1)

(5)[28]

where I0 – the saturation current of a diode, V – the applied voltage.

Figure 11 a) Electrical circuit equivalent to OSC b) I-V curve for an OSC in the dark and under illumination
[28].
The OSC operates and generates power in the range from 0 to Voc (figure 11b). The power, P is equal to
I•V. At point called the maximum power point (MPP), the power generated is maximal, P max = VMPP•IMPP
(see figure 11b). The fill factor (FF) in OSC is equal to the ratio of maximal power to the product of Isc and
Voc. The power converted efficiency (PCE) denoted as η is the ratio of maximal power to incident power
which is standardized at 1000 W/m2 and for spectral intensity that corresponds to that of the sun on the
surface of Earth at incident angle 48.19° (AM 1.5) [30].
A real OSC has losses through contact resistance and current leakage. These effects are equivalent to two
parasitic resistances: the series resistance (Rs) and parallel resistance (Rsh). The series resistance from the
OSC materials and the contacts and parallel resistance is due to current leakage. The equivalent circuit
with series resistance and parallel resistance is presented in figure 12. The current for a real OSC is equal
to:
I = Il – Io(𝑒

𝑒(𝑉+𝐼𝑅𝑠 )
𝑛𝐾𝑇

– 1) -

(𝑉+𝐼𝑅𝑠 )
𝑅𝑠ℎ

(6)[28]
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Figure 12 Equivalent electrical circuit of the OSC with series resistance and parallel resistance [28]
In order to decrease losses in the OSC, Rs should be minimized and Rsh should be maximized. In figure 13,
I-V curves when Rs is decreasing and Rsh is increasing are presented.

Figure 13 Effects of a) increasing series resistance and b) decreasing parallel resistance [28].
3.2.2 The active layer
The earliest OSC were consisted of organic molecular layer placed between two electrodes of different
work functions [28] (figure 14a). This arrangement facilitates the movement of charge carriers due to the
difference in work functions of two electrodes. A Schottky barrier is created at the polymer and lower
work function electrode [31, 32, 33] and Schottky junction is created at the polymer and the higher work
function electrode (figure 14b).
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Figure 14 a) Single layer OSC, Au is the electrode with higher work function and Al with lower work
function and b) Schottky junction at the high work function electrode under short circuit condition.
The shape of a conduction band (CB) and a valence band (VB) changes when the active layer is placed
between the electrodes (figure 15). The change of the shape of CB and VB depends on the conductance of
the polymer and whether the electrodes are connected or not. If the cell is short-circuited the Fermi
levels of the electrodes align (figure 15B and C) causing the bands (CB and VB) to skew. In figure 15B the
active layer is an insulator and this causes the bands change linearly. In figure 15C the active layer is a
hole-conducting semiconductor. If this material is doped or illuminated charge carriers are generated.
Because of the p-conduction properties the generated holes are redistributed freely and they will flatten
the bands approaching the high work function electrode (or Schottky junction) [31] (figure 15C).

Figure 15 The two electrodes and CB and VB of the active layer are shown in three cases with no external
bias. (A) High work function ITO electrode, low work function Al electrode and CB and VB isolated. (B) and
(C) The cell is assembled and short-circuited causing alignment of the Fermi levels. In (B) insulating
organic material and in (C) hole-conducting polymer that creating Schottky junction at high work function
electrode [31]
The area with these curves formed at low function electrode (figure 15C) is called depletion region.
Within this depletion region, the excitons diffuse to and dissociate [32].Unfortunately, much
recombination of the excitons occurs in this photoactive layer.
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The introduction of the bilayer structure to OSC decreases the number of recombination and increases
the PCE of organic solar cells. This bilayer consists of an electron donor and an electron acceptor and is
sandwiched between two electrodes. The electrodes are chosen so that their work functions are close to
HOMO of donor and LUMO of acceptor (figure 9).
In addition, the bulk heterojuction is also used in the active layer of OSC [33]. In the figure 16, the
structure of bulk heterojunction solar cell is shown. Because of the large area of the interface between
the donor and the acceptor, the exciton dissociation efficiency is maximized and the PCE of organic solar
cell is increased [35].

Figure 16 Bulk heterojunction active layer in OSC [34].
3.2.3 Anode
In the figure 17, the structure of the OSC is presented. It is clear that the anode in the OSC should be
transparent so that light can go through it and it should be conductive. As an anode, ITO substrate can be
used. ITO substrate is good in terms of transparency and conductivity, but it is brittle and cracks easily.
This makes ITO is not suitable for flexible OSC (figure 18), organic solar cells based on polymer substrates.
These flexible OSC can be interesting because of their portability and malleability. Moreover, the OSCs
made of ITO are becoming more and more expensive.
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Figure 17 The structure of the OSC [34]

Figure 18 Flexible module of OSCs [36].
As an alternative to ITO, ZnO films can be used. ZnO films are becoming more interesting because of their
low cost, availability, low toxicity. ZnO is semiconducting material with wide band gap energy Eg ≈ 3.3 eV.
Aluminium doped ZnO (AZO) and gallium doped ZnO have high charge carrier concentration and Hall
mobility at room temperature. The concentration n ≤ 1•1021 cm-3 and mobility µ ≤ 65 cm²/VS for AZO
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films [37, 38, 39]. Schulze et al. compared the properties of OSC using ITO and Al doped ZnO [40]. They
observed the similar results (Voc,,Jsc, FF).
The buffer layer for anodes in OSCs is used to improve hole extraction. As a buffer layer, PEDOT:PSS can
be used.
3.2.4 Cathode
As a cathode, a lower work function metal deposited on top of the OSC is used. Commonly Al is used as a
cathode for OSCs. The cathodes in OSC extract the electrons from the active layer. Therefore, the work
function of the cathode should match to the LUMO of the acceptor in the active layer of the OSC (figure
9)
3.2.5 Inverted solar cells
In figure 19, the normal and inverted structures of OSC are presented. The device structure where the
anode is on the top of the OSC is called the inverted structure of the OSC. This inverted structure of OSC
has some advantages. The low work function metal electrode in the normal structure can be easily
oxidized in the air so that the cathode should be encapsulated to be protected from the environment. In
the inverted structure of OSC, this problem can be avoided.
Another advantage of the inverted OSC is that it does not need to use PEDOT:PSS as a buffer layer that
should be used in the normal structured OSCs. PEDOT:PSS has hygroscopic and acidic nature and it
degrades the organic active layer and the transparent conducting oxide (TCO) electrode [41].

Figure 19 a) Normal and b) inverted structures of the OSCs [28].
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4 Experimental
4.1 Pulsed laser deposition set up
The pulsed laser deposition set-up consists of excimer laser, optical set-up, deposition chamber and
vacuum equipment (figure 1).
The excimer KrF laser (Lambda Physik LPX305i) has a wavelength of 248 nm, pulse length of 20 ns,
maximum pulse energy of ~1 Joule, and maximum repetition rate of 50 Hz ( in our experiments repetition
rate of 10 Hz was used). In the laser tube there is a mix of 90 mbar fluorine, 130 mbar krypton, 3400 mbar
buffer neon gases. Ne-He laser beam shows the path of the ultraviolet 248 nm laser beam. There is a
dielectric attenuator in front of laser tube. The amount of laser energy can be regulated by means of this
dielectric attenuator by changing the angle between an attenuator and a laser beam. In the way of laser
beam there is a circular aperture. Then the laser beam goes through the optical system that directs the
laser beam to the target for ablation. The focusing lens (last lens in the optical system) with focal length
of 20 cm is used to focus the laser on the target surface. After the laser beam goes through quartz
window before entering the deposition chamber. Before deposition starts the fluence of laser beam
should be defined. To define fluence the spot size and laser energy inside of chamber should be defined.
The spot size could be defined by means of photopaper and after shoot of laser on the photopaper laser
spot could be measured with optical microscope. The laser energy could be defined with a laser energy
meter Field Max II. The laser energy is measured inside of chamber and outside of chamber. The
difference between laser energy measured inside and outside of chamber can be of 20%. If more than
20% the quartz window should be cleaned.
For deposition of YBCO thin films on MgO substrate. There are target holder, substrate holder, heating
system and cooling system in the deposition chamber (called “AM2000”). The target is set on the target
holder, and target holder can be moved to the right and to the left and it can be also rotated. The
substrate can be attached to substrate holder with a silver paste. The substrate holder is connected to
heating system that consists of halogen lamp, thermocouple and temperature controller. The cooling
system cools the chamber during the deposition process. The deposition chamber is connected with
vacuum system (rotary pump and turbo-molecular pump Turbo Drive TD 20 and liquid nitrogen oil trap),
vacuum measurement system (Combivac CM 31) and vacuum regulator system (Analogregler AR100)
connected to oxygen supplier and temperature controller Eurotherm. By means of rotary pump the
vacuum pressure up to 10-3 mbar can be achieved and by means of turbo-molecular pump the vacuum
pressure up to 10-6 mbar can be achieved. For deposition of YBCO film the oxygen pressure of 0.7 mbar is
needed, during the annealing process the pressure of 800 mbar is needed. The other PLD parameters are
as discussed in reference [7].
For deposition of AZO or ZnO thin films on the substrate. There are target holder, substrate holder,
heating system and cooling system in the deposition chamber (called “Angela”). The target is set on the
target holder, and target holder can be rotated. The translation movements are performed by the lens in
front of the chamber. The substrate can be put on the substrate holder, and metallic plate can be placed
on top of the substrate with screws. The substrate holder is connected to heating system that consists of
halogen lamp, thermocouple and temperature controller. The cooling system cools the chamber during
the deposition process. The deposition chamber is connected with vacuum system (rotary pump and
turbo-molecular pump TURBOTRONIK NT 150/360 VH and liquid nitrogen oil trap), vacuum measurement
system (Pfeffer) and vacuum regulator system (Balzers RVG 040) connected to oxygen supplier and
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temperature controller Eurotherm. By means of rotary pump the vacuum pressure up to 10-3 mbar can be
achieved and by means of turbo-molecular pump the vacuum pressure up to 10-6 mbar can be achieved.

Figure 1 Pulsed laser deposition set-up [2].

4.2 Preparation of YBCO ceramic targets
The process of the preparation of YBCO targets can be found [1,2,3,4].
For preparation of YBCO ceramics the yttrium oxide (Y2O3) of 99.9% purity, barium carbonate (BaCO3) of
99.99% purity and copper oxide (CuO) of 99.7 % in powder form were mixed and grinded in an agate
bowl. Then in the first heat treatment called calcination CO2 were removed. In this process the
components reacted with each other and it can be done in air (figure 2).

Figure 2 Thermal treatment during the calcination [1].
During the first calcination, YBCO powder was heated and cooled at rate of ±80°C/h, and kept at
temperature of 890°C for 12 hours in air in the furnace.
Then the pressing of powder was done with hydraulic press with pressure of 1 GPa to produce standard
sized pellets. After the pressing the second heat treatment called sintering was made to improve the
mechanical strength and increase the density of the samples. The high temperature treatment leaded to
melting and this enhanced the contacts between the grains. During sintering the pellets were heated and
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cooled at the rate of ±80°C/h and kept at temperature of 940-950°C for 12 hours in air or O2 in furnace
(figure 3).

Figure 3 Thermal treatment during sintering [1].
The rigid polycrystalline bulk materials were produced by sintering (figure 4)

Figure 4 The rigid polycrystalline bulk materials produced by sintering [1].
The prepared YBCO ceramics can have oxygen deficit (δ <0) and YBCO lattice have tetragonal form,
superconductivity dissapears and it has semiconductor properties. The value of δ depends on the
preparation of sample (figure 5) The process of oxygen can compensate oxygen deficit and it was made at
temperature of 300-500°C in O2 and then the samples were slowly cooled in O2.

Figure 5 Tc vs δ [1]

The XRD data of prepared samples of YBCO ceramics were shown in figure 6.
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Figure 6 (a) XRD pattern of YBCO ceramic, (b) integrated intensity of sintered YBCO pellets [2]
The measured and theoretical XRD data for YBCO ceramics were similar. The SEM pictures (figure 7) were
also received and EDX analysis showed that YBCO ceramics had a ratio of Y:Ba:Cu≈1:2:3

Figure 7 SEM of YBCO target [2].
The resistance vs temperature measurements showed that Tc of YBCO ceramics was 93°C and Δ Tc ~2°C
(figure 8)

Figure 8 Resistance vs T measurements for YBCO target [2].
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4.3 X-ray diffraction analysis
X-ray diffraction (XRD) is a technique used to identify the phase of crystalline material and to receive
information on unit cell dimensions. XRD functions on the basis of interference of monochromatic X-rays
generated by a cathode ray tube, filtered, collimated and directed to the sample. These rays and a sample
interferes constructively when the Bragg’s law is performed
nλ = 2dsinθ

(1)

where, n is the diffraction order, λ – X-ray wavelength, d – interatomic spacing, 2θ- the angle between the
incoming and diffracted x-ray beam. And d can be found by formula
d = 1/((h/a)² + (h/b)² + (h/c)²)1/2

(2)

and a, b, c are the unit cell constants.
After the diffracted x-rays are detected. Due to random orientation of the investigated sample all possible
diffracted directions could be achieved by scanning through 2θ angle. It is possible to identify mineral by
conversion of diffracted beam to d-spacing and by comparing with the reference pattern of this mineral.
There are an X-tube, a sample holder and X-ray detector in X-ray diffractometers. In the cathode tube the
filament is heated to produce electrons, the electrons are accelerated towards to target by applying the
voltage and then the target are bombarded with the electrons. When electrons have enough energy to
interact with the inner shell electrons of the target, X-rays are produced. These X-rays are the
characteristic of the target material. These X-rays should be filtered to produce monochromatic X-rays for
diffraction. As a target material copper with radiation CuKα1,2 = 1.5418 Å can be used. Then the X-ray rays
are collimated and directed towards the sample. The diffracted X –rays are then detected and the
intensity is recorded by rotating the sample and detector. When the Bragg’s law is performed the
constructive interference occurs, and the peak of intensity is recorded [5].
The three-circle BRUKER AXS GADDS difffractomer system with a 2D HI-STAR detector system is used in
the study. The description of this system can be found in the manual [6]. In this system as target copper
with radiation CuKα1,2 = 1.5418 Å is used. In the figure 9 one can find schematic and a photo of the XRD
system used in the study.

Figure 9 a) XRD schematic b) XRD photo [7].
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The 2D detector has more advantages than point detector because more diffraction spots can be
detected. The distance between sample holder and the detector can be from 6 to 30 cm. At smaller
distances the more diffraction spots can be detected at the same time, while at larger distances the
better resolution for diffraction spots can be achieved. The diffracted X-ray intensity I(2θ, χ) as a function
of the angles 2θ and χ can be defined by the XRD system. The angle between the sample holder and the
base of the goniometer χ is 54.74°. The sample rotation at the angle ω can be achieved by the rotation of
the goniometer (figure 9). The angle between sample holder and the base of the goniometer χ can be 90°
or 54.74°. When the angle χ is 90 ° and the sample has the thin film with orientatio (00l) and the substrate
with orientation (00l) then the diffraction pattern is horizontally aligned on the middle of the diffraction
picture (figure 10).
XRD rocking curves can be defined by so called ω-scan. The intensity I is measured as a function of angle
ω. The angle ω is changing while the angles χ and ϕ are kept constant. The important information can be
obtained from rocking curve as the full width at half maximum ΔωFWHM that can tells us about the spread
of c-axis of the thin film with respect to the normal of the substrate. The smaller ΔωFWHM is the better
crystallinity of the thin film on the substrate is. The comparison of I(ω) and ΔωFWHM of the thin film and
the substrate gives us the information about the out-of-plane texture of the thin film.
The in-plane orientation of the film can be obtained by ϕ-scan. In-plane orientation of the thin film with
respect to the substrate can be received by measuring the intensity as a function of the angle ϕ. The
angle ϕ is changing, while the angles χ and ω are kept constant.

Figure 10 a) 2D diffractogram of polycrstalline YBCO sample b) 2D diffractogram of YBCO thin film on MgO
substrate. The diffraction intensity I (2θ) obtained over χ is superimposed on the diffraction pattern of
YBCO thin film on MgO [7].

4.4 Electrical properties measurements
For characterization of YBCO samples, the study of electrical transport properties is needed. Resistivity
versus temperature ρ(T), critical temperature Tc ,current versus voltage I(V), critical current density versus
temperature Jc (T) are measured in the superconducting YBCO samples. Resistance versus temperature is
measured by 4 point method.
Four point method allows to measure only the resistance of the subject and to avoid the resistance of
contacts, resistance of wires. By two points method which is easier, all resistances including the
resistance of wires would be included in the measurements (Figure 11)[8].
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Figure 11 Measurement of resistance by two points method.
In order to exclude the resistance of wires and to measure only the resistance of the subject the
measurement set should include both the voltmeter and the ammeter (Figure 12).

Figure 12 Measurement of resistance by four points method
From Ohm’s law the resistance is equal to voltage divided by current (R=V/I). To determine the resistance
of subject, we measure the current going through the subject and voltage drop across the subject. We
don’t include the resistance of the wires from voltmeter because of high intrinsic resistance of the
voltmeter (Ri = 1 GΩ) and because of that the current that goes to voltmeter can be neglected.
The resistivity can be determined by:
ρ (T) = R(T)A/l

(3)

A is the cross section area ( A = w•h, where w –width of the bridge and h – thickness of the film) , l –
length of the bridge.
Below the structure of the mask “Hall-4” for patterning of YBCO films is presented (Figure 13). The round
contacts are made of Ag. The part in white colour is covered part of the mask (not etched YBCO thin film
after patterning YBCO thin film) and part in dark colour is uncovered part of the mask (etched YBCO thin
film or MgO substrate after patterning of YBCO thin film). The three contacts at the top and three
contacts at the bottom of the mask are for the current contacts and the four contacts at the sides are for
the voltage contacts. The two vertical voltage contacts are needed for the resistivity measurements in ydirection and the two diagonal voltage contacts are needed for the resistivity measurements in x –
direction for Hall effect measurements when the magnetic field is applied.
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Figure 13 the structure of the mask “Hall-4” for pattering YBCO thin film (scale is in mm).
To change the temperature of the sample, the sample is put in the Dewar with liquid nitrogen. By
changing the position of the sample in Dewar, we can change the temperature of the sample from room
temperature to 77 K (boiling temperature of liquid nitrogen). There is temperature sensor that can
measure the temperature of the sample in the sample holder. The current is provided by current source
(Keithley 224) and the voltage is measured by the voltmeter (Keithley SDV 182). The resistance is defined
by measuring the current in forward and reverse directions that eliminates zero offset errors. The
measurement system is automatized. The cooling rate can be taken 0.02 K/s or 0.01 K/s. With the slower
cooling rate, the measurements are more accurate.
From the obtained resistance versus temperature measurements, the critical current temperature Tc can
be defined. At critical temperature the superconducting materials have zero resistance. With this
automated system, the measurements of current versus voltage measurements can be performed. From
these measurements, the critical current can be defined by setting the criterion voltage while the
maximum current is limited by the current source (HP 6625A DC power supply). At critical current the
superconducting properties of the superconductor are suppressed. The critical current density can be
calculated from the defined critical current and the measured dimensional parameters of the bridge
through which the current goes. The measurements of critical current density versus temperature can
also be performed by this system.

4.5 Ion implantation system
The ion implanter is made by High Voltage Engineering Europa B.V. (HVE) [9]. The ion implanter consists
of two parts. In the first part (Figure 14a), there are the ion implanter source, the mass spectrometer, the
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accelerator and power supply. In the second part (Figure 14 b), there are the beam line, irradiation
chamber and the pumping system (pumping system not shown).

Figure 14 a) The ion implanter source, the mass spectrometer, the accelerator and power suppy of ion
implanter (High Voltage Engineering Europa B.V. (HVE))

Figure 14 b) The beam line and irradiation chamber of ion implanter (High Voltage Engineering Europa
B.V. (HVE))

This ion implanter can accelerate ions up to energy of 400 KeV. The ions can be of any element from the
periodic table. There are two types of ion sources. One is gas source, another is solid state source. When
as an ion source gas is used, the gas stream goes through a heated filament. By this way the ions can be
produced. Then the ions are filtered by mass spectrometer and accelerated by an accelerator. After the
ions go into the beam line where two deflecting plates move the beam in two orthogonal directions so
that it can irradiate the sample surface with the size of 30•30 mm². The homogeneity of ion irradiation
should be adjusted. The four Faraday cups inside the chamber measure the ion beam current and by
means of measurements of these Faraday cups the accumulated ion dose can be measured. When the
needed ion dose is accumulated the ion irradiation starts. After ion irradiation is completed the ion beam
is electrostatically deflected.
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4.5.1 Parameters for ion irradiation.
The ions He+ with the energy of 75 KeV is used for ion irradiation. The angle of ion beam deflection is 5° to
avoid ion implantation channeling [10]. The ion beam current for 4 faraday cups is approximately 0.5 µA.
The background pressure is at 10-6 mbar. The ion dose needed is at about 3.0•1015 ions/cm². The time for
ion irradiation can be calculated by using the formula:
t = D•q/JB

(4),

where D – ion irradiation dose, q – electric charge and it equals to 1.6 •10-19 C and JB – ion beam current
density . So the time for ion irradiation is equal to approximately 3840 s.

4.6 Scanning Electron Microscopy and Atomic Force Microscopy
4.6.1 Scanning Electron Microscopy
The Scanning Electron Microscope (SEM) can be employed for imaging the surface features in the sample
with magnification 300 000 and resolution 1 to 100 nm (Figure 15) [2]. In this study, SEM Smart SEM from
ZEISS and JEOL JSM 6400 were used.

Figure 15 The Scanning Electron Microscope JEOL JSM 6400 [2].

The schematic diagram of SEM is shown in figure 16 [11]. The electrons are produced by electron gun
[11]. The magnetic lenses guide and focus the electrons on the sample.

62

Figure 16 Schematic diagram of the SEM [11]
The focused electrons are scanned through the sample surface in a raster form (figure 17). The scanning is
achieved by moving the electron beam across the surface sample by deflection coils. The number of
secondary electrons produced by the sample at each spot is used to plot a two dimensional image.

Figure 17 A diagrammatic representation of the scanning (a) and the intensity image for the scanned area
(b) [11]
In general, any of the signals generated by the sample can be detected. Most electron microscopes have
the detectors for secondary and backscattered electrons. In figure 18, the regions of the interaction
volume of the sample with secondary electrons and backscattered electrons are presented.
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Figure 18 Specimen –electron interaction volume within the sample [11].
A secondary electron detector is biased with positive potential and employed to attract the low energy
secondary electrons. The high energy backscattered electrons are attracted by unbiased detector. As
backscattered electrons are from a significant depth of the sample, they do not provide information
about topology of the sample but about the composition of the sample. The materials with higher atomic
number produce brighter images. Though, the secondary electrons give information about the surface
topology. At edges and protrusions, more secondary electrons are produced and such surfaces look
brighter in the image (figure 19) [12].

Figure 19 Edge effect of secondary electron emission [12]
The non-conducting sample is coated with conducting material usually gold to make a surface conducting.
The SEM is usually equipped with Energy Dispersive X-ray (EDX) device which can be used to determine
the chemical composition of the sample. In figure 20, a typical EDX system is presented.
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Figure 20 EDX system of the SEM [2]
4.6.2 Atomic Force Microscopy
Atomic Force Microscopy (AFM) is a high-resolution type of scanning probe microscopy with resolution on
the order of the fractions of a nanometer. In the present study, AFM (Veeco diCP-II) was used. The AFM
consists of a cantilever with a sharp tip at its end. This cantilever is used to scan the sample surface. The
cantilever is usually made of silicon or silicon nitride and its tip radius of curvature on the order of
nanometers. When the tip is into the proximity of the specimen surface, forces between the tip and the
sample lead to a deflection of the cantilever according to Hook’s law. The forces included in AFM are
mechanical contact force, van der Waals forces, capillary forces, chemical bonding, electrostatic forces,
magnetic forces etc. The deflection is measured using a laser spot reflected from the top surface of the
cantilever into an array of photodiodes.
By scanning the tip at a constant height, a risk of the colliding of the tip with the surface exists. Therefore,
a feedback mechanism exists to adjust the tip-to-sample distance and maintain a constant force between
the tip and the sample. The sample is mounted on a piezoelectric tube that can move the sample in the x,
y and z directions. In figure 21, the schematic diagram of AFM is shown.

Figure 21 The schematic diagram of AFM [13].
There are two modes of the operation for AFM. One is a contact mode and another one is non-contact
and tapping mode. With applied voltage between the AFM tip and the sample, the information about the

65

local conductivity of the sample can be received. The AFM topography can be obtained simultaneously
with the measured current. This makes it possible to correlate the conductivity of the sample with its
spatial feature [7].

4.7 Spectrophotometer
Spectrophotometry is the quantitative measurement of the optical transmission through and reflection of
a material as a function of wavelength. Spectrophotometry employs photometer for measurement a light
beam’s intensity as a function of wavelength (figure 22). The important features of spectrophotometer
are spectral bandwidth, and the percentage of transmission of the sample and the logarithmic range of
the absorption of the sample and sometimes the percentage of reflectance measurement.

Figure 22 Spectrophotometer Cary 500 Scan [14].
The spectrophotometer Cary 500 has double beam structure, so that the light is split in two parts: one
beam goes to the sample, another beam goes to the reference. The UV-VIS limiting resolution for this
spectrophotometer is < 0.05 nm. The default values for this spectrophotometer:


wavelength range from 200 nm to 3000 nm



data interval 1 nm



scan rate 600 nm/min



spectral bandwidth 2 nm

For the measurements performed in this study, the N2 purge was always used to avoid the absorption by
water vapour.
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5 Results and discussion
5.1 High-temperature superconducting thin films
In the chapter 5.1, we present our results on pulsed laser deposition of high-Tc superconducting YBCO
thin film of high quality and on MIBS and characterization of nano-patterned films by the electrical
methods. High-Tc superconducting YBCO thin films were deposited on MgO substrates, XRD images of
these thin films were obtained and resistivity vs temperature and critical current density vs voltage
measurements were performed.
The stencil mask were placed on patterned YBCO thin films manually with optical microscope and ion
irradiated by He+ ions with 75 keV energy and characterized by electrical methods. The change of
resistivity, Tc and Δ Tc were observed. In cooperation with Prof. Wolfgang Lang (University of Vienna,
Austria). The commensurability effects of ion irradiated YBCO thin films were observed in
magnetoresistance and critical current density as a function of magnetic field. A strong hysteresis in
magnetoresistance and critical current density as a function of magnetic field were also observed when
the sample was zero-field cooled below Tc and the magnetic field was ramped up and down. If the
respective magnetic field is applied to the sample at 100 K and then the sample is cooled, the hysteresis is
not observed.
5.1.1 Resistivity vs T, critical current vs voltage and XRD of YBCO thin film
In the figure 1, one can see the XRD image of YBCO film on MgO substrate. From this image and figure 2,
one can conclude that YBCO film was deposited on MgO substrate because 2θ found here correspond to
theoretical data for 2θ for YBCO with h, k, l indices (001),(002),(003),(004), (005) and (006) and for MgO
with h,k,l indices (002). Using Bragg’s law (wavelength λ = 1.54184 Å), lattice constant in c direction could
be found and it is equal to approximately to 11.663 Å. This value corresponds to YBCO material. The other
thing that can be concluded from this image is that YBCO was deposited stoichiometrically and has single
crystalline structure. The dots on XRD image tell us that the material has single crystalline structure. All
these tell us about YBCO film on MgO substrate qualitatively. What is about quantitatively? In figure 3 a
and b, the intensity vs chi angle for MgO (002) and YBCO(006) are presented. The observed peaks prove
that YBCO/MgO has single crystalline structure otherwise the peaks could not be observed. The small
difference of FWHM between MgO and YBCO give us estimation that YBCO film was deposited
stoichiometrically and its c-axis is oriented in one direction and is not randomly oriented. All these facts
tell us that the produced YBCO film has a very good quality.
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Figure 1 XRD image of YBCO film on MgO substrate
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Figure 2 Intensity vs 2θ for YBCO on MgO
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Figure 3 Intensity vs χ for YBCO thin film on MgO substrate: a) for MgO(002) b) for YBCO(006)
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In the figure 4, the resistivity vs temperature for YBCO film on MgO substrate is shown. The sharp drop of
resistivity and it eventually reaches 0 tell us that the produced YBCO film is superconducting at
temperature about 90K (at this temperature resistivity reaches 0) and has good quality (sharp drop). The
small offset resistivity indicates that our YBCO film has small density of defects. From figure 5, the critical
current density of the film can be defined if as a criterion voltage of 1µV is taken. For this film the critical
current density is equal to approximately 3.4 MA/cm2. This critical current density is quite high that also
tell us that YBCO film has a good quality.
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Figure 4 Resistivity vs Temperature for YBCO thin film on MgO substrate
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Figure 5 Voltage vs Current density for YBCO thin film on MgO substrate
5.1.2 Alignment of stencil mask on YBCO thin film for MIBS
For ion irradiation of c-oriented YBCO thin film on MgO substrate, the YBCO thin film was patterned in
two identical fields 1 and 2 with mask “Hall 4” (with Ag contact pads) (figure 6). The parameters of YBCO
film before ion irradiation:


YBCO thin film thickness measured by AFM is 210 nm (field 1),



width B ≈ 60 µm, length L ≈ 100 µm, both measured with help of optical microscope (field 1),



electrical properties (field 1): ρ(300K) ≈ 0.27 mΩ cm, Tc0 ≈ 89 K, Jc(78K) ≈ 4MA/cm2,



stencil mask “M02” with a square array of holes with diameters ca 170 nm and lattice constant ca
500 nm.
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Figure 6 YBCO thin film on MgO substrate with field 1 and 2. Field 2 was irradiated, this field was marked
by scratch at the edge on MgO substrate. Field 1 was not irradiated.

The stencil mask was placed manually on the film under optical microscope and fixed with silver paste on
MgO substrate (figure 7). The parameters for ion irradiation:



He+ ions, with 75 keV energy, horizontal incidence,



Ion current density JB ≤ 0.2 µA/cm2, Ion dose D = 3.0•1015 ion/cm2, duration of irradiation 49 min
20 sec,



Sample kept at room temperature
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a)

b)

c)

d)

Figure 7 Microscope photos of YBCO/MgO with stencil mask M02 before irradiation: a) mask with hole
pattern on YBCO film (incident light, 150x), b) mask with hole pattern on YBCO film (transmitting light,
150x), c) mask with hole pattern on YBCO film with focusing on YBCO film (300x), d) mask with hole
pattern on YBCO film with focusing on bigger holes (300x)
One can also find the resistivity vs temperature (figure 8) and voltage vs current density (figure 9)
dependence of two samples of patterned YBCO thin films on MgO substrates before ion irradiation.
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Figure 8 Resistivity vs Temperature for two samples of YBCO/MgO

Figure 9 Voltage vs Current density for two samples of YBCO/MgO.
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5.1.3 The commensurability effects of ion irradiated YBCO thin films in magnetoresistance
and critical current density as a function of magnetic field.
The creation of artificial defects can be random or regular. The realization of enhanced vortex pinning,
guided vortex motion [1], ratchets [2, 3] can be performed by regular artificial defects. An example of
rectified vortex motion is demonstrated on Ni triangles on top of Si substrate. Above Ni triangles, 100 nm
thick Nb film is deposited (figure10). In the figure 11 the rectified motion of vortices is shown.

Figure 10 Scanning electron microscope image of an array of Ni triangles on top of Si (100) substrate.
Triangle height (Ni thickness) is typically 35 nm [3].
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Figure 11 (A to F) Net velocity of vortices vs the ac Lorentz force amplitude, for several matching magnetic
fields at T = 0.98Tc, n - the number of vortices per unit cell of the array. Red and black arrows show the
direction of the net flow of these vortices. (G to J) Sketch of the positions of the vortices for several
matching fields. Vortices pinned on the triangles are shown in red and interstitial vortices in blue [3].
The average distance of random intrinsic defects in YBCO is about 300 nm [4]. Therefore only with
emergence of advanced nanopatterning methods the artificial defects can compete with intrinsic defects.
The “vortex matching” at particular magnetic fields can occur between the vortex lattice and the defect
lattice. The first matching field at:
Bm = Φ0/d2. (1)
Where Φ0 is the flux quantum, and d is the lattice constant of the defect array in superconducting film.
The “vortex matching” or commensurability effect is demonstrated in figure 12.
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Figure 12 Lorentz micrographs and schematics of the vortex configuration in square array of artificial
defects at magnetic fields Hn: A) n = ¼, B) n = ½, C) n = 1, D) n =3/2, E) n = 2, F) n = 5/2, G) n = 3, H) n = 4
[5]
In figure 12 A) n = 1/4, then d of vortex lattice (dVL) is equal to 4d of defect lattice (dFL). There is every
vortex coincides with only fourth defect point. In B) dVL = 2dFL, the vortices occupy only every second
defect point. In C) dVL = dFL , all vortices occupy all point defects. Here, there is “perfect vortex match” or
commensurability effect. And as consequence, there is much pinning effect, and low magnetoresistance
and high critical current. In D) 3/2dVL = dFL, the vortices are now in interstitial positions. There is no every
vortex is pinned, and as consequence, there is moderate pinning effect. If n increases the more vortex are
squeezed in interstitial positions and there is less and less pinning effect observed.
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Vortex matching was observed in YBCO films patterned with a square array of holes with spacing d = 1 µm
(figure 13) in the form of cusps of critical current density (figure 14) [6]

Figure 13 Atomic force microscope image of YBCO film with a square array of holes ( r ≈ 0.22 µm, d ≈ 1
µm)

Figure 14 Critical current density and critical current (inset) as a function of magnetic induction in YBCO
film with and without antidots at T = 0.95Tc and magnetic field normal to the surface. The matching fields
are shown with solid and dashed arrows for decreasing and increasing fields, respectively
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Strong minima in magnetoresistance at the matching field were shown by applying periodic defect
columns with distances of 120-180 nm. The periodic defect columns were produced by a combined ebeam lithography and ion irradiation technique [7].The multiple minima in the magnetoresistance at the
matching fields were shown in Bi2Sr2CaCu2O8+y (BSCCO) single crystals with a triangular lattice of holes
with d = 1 µm distance. It is known that BSCCO has weaker intrinsic pinning [8].
In our work [12], an array of ion-irradiated regions in a YBCO film created by MIBS is presented in figure
15.

Figure 15 SEM image of a thin YBCO film after He+ ion irradiation through a silicon stencil mask. Ion –
irradiated areas with diameter of approximately 175 nm and a periodic lattice constant of 300 nm are in
the dark [12].
The dark areas in YBCO film were exposed to ion-irradiation because of the holes in the mask. The
contrast in the image is due to the different electronic work functions of regions with different
conductivity but not due to film surface morphology.
Scanning electron microscopy image of the YBCO film is presented in figure 16. The surface textures with
characteristic length of 200 nm are clearly seen. For our experiments, the silicon stencil mask is used. In
the center of the mask, a square array of about 670x270 holes with diameters 180±5 nm and lattice
constant 302±2 nm is shown in the figure 17.
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Figure 16 Scanning electron microscopy image of YBCO film [12]

Figure 17 Scanning electron microscopy picture of the silicon stencil mask used for mask ion beam
irradiation. Upper panel: a rectangular area of 2 µm thickness perforated with holes. Lower panel:
detailed view of the several holes in the mask [12].
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The in-plane resistivity of the YBCO film as a function of temperature before and after MIBS is also
presented in the figure 18. The as-prepared film has Tc ~ 90 K with a sharp transition ΔTc ~1 K and a linear
ρ vs T dependence. The resistivity at room temperature after irradiation is increased approximately in 3
times. This can be explained by the fact that the current passes predominantly along the channels with
the many highly resistive defect columns created by MIBS. The undistorted areas have a width of
approximately 120 nm and irradiated cylinders of diameter 180 nm. These distorted areas lead to a
reduction of conductivity. The superconducting transition in the irradiated films is also lowered to Tc ~ 47
K and broadened to ΔTc ~ 8 K.

Figure 18 The resistivity vs T dependence of YBCO film before and after He+ irradiation [12].
The resistance of the patterned YBCO film as function of magnetic field directed perpendicular to the film
surface is shown in the figure 19. The measurements were performed at a temperature T = 34.3 K. A
strong hysteresis was also observed when the sample was zero-field cooled below Tc and the magnetic
field was ramped up and down (figure 19). There are no hysteresis effects in the related works [7-10] and
only tiny hysteresis effects in another related works [6, 11]. This tiny hysteresis effects can be seen in
figures 14, 20.
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Figure 19 Magnetoresistance of the patterned YBCO film as a function magnetic field directed
perpendicular to the sample surface at T 0 34.3 K. the dashed-dotted line represents the virgin curve after
zero-field cooling and the arrows shows the direction of the magnetic field. The bottom horizontal axis is
for both curves and upper horizontal axis is shifted by 19 mT (for green curve)[12]
Moreover, the magnetoresistance shows the pronounced periodic minima. At first, it seems that they do
not coincide with formula (1) but if the B axis is shifted by 19 mT (see the upper scale in figure 19) it is
becoming clear that the down-ramped curve is symmetric with respect to the shifted scale. It has a strong
minima at Bshift = 0 and four additional minima at Bshift= ±21.5 mT and Bshift= ±43.0 mT. These four minima
correspond to the matching fields nBm with n = {±1, ±2}, respectively, if lattice constant d = 302±2 nm and
magnetic field Bm = 22.7±0.2 mT is taken in the formula (1). Shallow minima is also seen at the fractional
values n = {±1/2 , ±3/2}. In case the magnetic field is ramped up, the equivalent picture is seen if the B axis
is shifted by – 19 mT. It is also necessary to mention that the resistance immediately after zero-field
cooling is the same as resistance at Bshift = 0 (see the dash-dotted line in figure 19)
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Figure 20 Voltage for superconducting Sn perforated film as a function of increasing (*) and decreasing (◦)
magnetic fields at T = 3.18 K[11]
A equivalent hysteresis is also observed for the critical current density Jc(B) when the sample is zero-field
cooled and then the magnetic field is ramped up and down. However, if the respective magnetic field is
applied to the sample at 100 K and then the sample is cooled, the hysteresis is not observed. The Jc(B) at t
= 34.3 K as a function of magnetic field perpendicular directed to the sample surface is presented in the
figure 21. Here, the similar picture can be seen. The peaks of critical current density are observed at the
matching fields where commensurability effects exist. The peaks of critical current density at magnetic
fields at n = 1, 2 are clearly seen, the peak at n = 3 is not significant. The cusp is also visible at n = 3/2. The
peaks in critical current density are more prominent than reported before [6, 10]. This can be due to the
fact that in our sample the lattice constant of periodic artificial defects are of comparable size of length of
intrinsic defect spacing in YBCO film (figure 16).
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Figure 21 Critical current density as a function of the magnetic field oriented perpendicular to the sample
surface. The sample was heated to 100 K then field cooled. The solid line represents a fit to the model
[12].the broken lines correspond to contributions from the different peaks. The upper horizontal scales
shows the multiples of the matching fields Bm = 22.6 mT.
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5.2 Transparent conductive oxide thin films
In Chapter 5.2, we present our results of pulsed-laser deposition of ZnO and Al-doped ZnO thin films on
polymers, glass, organic photovoltaic polymers and discuss also the presence of spinel ZnAl2O4 in Aldoped ZnO thin films.
For Al-doped ZnO deposition on glass:
The following PLD parameters were used to get Al-doped ZnO films on glass such as laser fluence F = 2.5
J/cm2, p(O2) = 10-3 mbar, the substrate temperature TS = 300°C, 10 000 number of pulses.
For ZnO and Al-doped ZnO deposition on polymers:
As polymers we have tried to take PET and FEP. The different parameters were tried to get smooth
(without cracks) Al-doped ZnO films on PET and FEP. In case of FEP the films have always not cracks but
kind of “wrinkles”. In case of PET the smooth thin films are possible to get if the following parameters
such as laser fluence of 1 – 1.2 J/cm2, the pressure in O2 of 10-3 mbar, the substrate temperature of 20°C175°C (at higher temperatures the polymers start to melt), 10 000 or 15 000 number of pulses were used.
Polystyrene (PS) and polypropylene (PP) have been also tried but the process of carburization occurred
during the deposition of ZnO. The films received were black and polymers themselves were strongly bent.
For Al-doped ZnO thin film deposition on photovoltaic polymers:
The PLD parameters were also varied, the smooth Al-doped ZnO thin films were received at F=2.5 J/cm2,
p(O2) = 10-3 mbar, TS = 175°C, NL (number of pulses) = 10 000. The smooth film can be also received at F=1
J/cm2, p(O2) = 10-3 mbar, TS = 20°C, NL = 10 000. The cracks on thin films were observed if AZO film was
deposited at F=2.5 J/cm2, p(O2) = 10-3 mbar, TS = 20°C, NL = 10 000.
The spinel ZnAl2O4 can be probably produced if the target with more than 4% Al doping in ZnO is used.
5.2.1 AZO and ZnO thin films on glass substrate
Deposition of AZO on glass substrate is conducted at p(O2) = 10-3 mbar, laser fluence F = 2.5 J/cm2,
substrate temperature TS = 300°C, NL = 10000. In figure 1, the transmission measurements for AZO thin
film on glass substrate for these parameters are presented. There is sharp drop of transmission in the NIR
(at wavelength λ of 1500 nm and higher) due to the presence of free charges in thin film (see part
Transparent conducting oxides). The oscillations in transmission in the visible range are probably due to
Fabry-Perot interference in thin films. The baseline measurements were received when first sample
holder was put in the spectrophotometer for the measurements and then the sample itself placed on the
sample holder was put for the transmission measurements.
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Figure 1 Transmission measurements for AZO thin film on glass.
Deposition of ZnO is also performed on glass substrate. The pressure p(O2) = 10-2 mbar, laser fluence F = 3
J/cm2 and substrate temperature TS =20°C , NL = 10000 are used as parameters for ZnO film deposition on
glass substrate. The transmission measurements of ZnO thin film on glass substrate is shown in the figure
2. As one can see there is no drop in the NIR in this case because there are no free charges in ZnO thin
films. There is drop at wavelength of 380 nm due to the fact that ZnO has bandgap of ~3.3 eV.
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Figure 2 Transmission measurements for ZnO thin film on glass.
Deposition of AZO on glass substrate is performed at p(O2) = 10-3 mbar, laser fluence F = 2.5 J/cm2,
substrate temperature TS = 20°C, NL = 10000. In figure 3, the transmission measurements for AZO thin film
on glass substrate for these parameters are presented. There is no such a sharp drop observed in the NIR
as in case when AZO thin film was deposited on glass substrate with the substrate temperature TS = 300°C
(figure 1). It tells us that there is less free charges in this case (less Al doping). It can be probably explained
by less Al doping at lower temperatures.
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Figure 3 Transmission measurements for AZO thin film on glass.
Deposition of ZnO is also performed on glass substrate with the parameters as the pressure p(O2) = 10-3
mbar, laser fluence F = 2 or 3 J/cm2 and substrate temperature TS =20°C , NL = 10000. The transmission
measurements for ZnO thin film on glass substrate made at the center of the film and at the edge are
presented in figure 4. SEM measurements are shown for ZnO on glass made at pressure of 10-3 mbar,
laser fluence of 2 J/cm2, at substrate temperature TS = 20°C , and NL = 10000. ZnO film on glass at such
parameters shows brown color especially in the center of the film, and it is brighter at the edges. So, we
made SEM measurements at the edge and at the center of the film to compare the composition of ZnO
film (figure5).
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Figure 4 Transmission measurements for ZnO thin film on glass.
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Figure 5 a) EDX analysis of ZnO film on the glass in the middle (dark area) b) EDX analysis of ZnO film on
the glass at the edge (bright area) c) SEM image of ZnO film on the glass at the edge.
From the EDX analysis of ZnO film on the glass in the middle (or dark area) and on the edge (or brighter
area), it is obvious that dark area is enriched with Zn. Transmission measurements also show that the film
on the edge is more similar to ZnO film on glass substrate that was deposited at p (O2) = 10-2 mbar (figure
2)
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5.2.2 Deposition of AZO on PET at different temperatures
The parameters used for the deposition of AZO on PET at different temperatures: pressure 10-3 mbar,
number of pulses 10000, laser fluence 2.5 J/cm2. The target was 3wt% Al2O3/ZnO. The temperatures of
the substrate during the deposition were 50°C, 75°C, 100°C, 125°C, 150°C, 175°C, 200°C. At the
temperature 225°C, PET was melted. At low temperature Ts = 20°C , the AZO/PET appeared noncontinuous with irregularly shaped lines and extended linear defects of dark color [1](see figure 6a,d).
SEM pictures revealed that the irregular features on the film were protrusion of less than 10 µm size and
ridge-like structures of more than 10 µm length (figure 6d). Detailed view showed that AZO films were
cracked along these ridge-like structures. (see inset in figure 6d)

Figure 6: Optical microscopy (a-c) and electron microcopy (d-f) images of Al:ZnO thin films on PET
substrates. Films were deposited at fluence Φ = 2.5 J/cm2 and substrate temperature TS = 20 °C (a, d), 100
°C (b, e), and 175 °C (c, f).
The formation of cracks were reduced at TS = 100°C (figure 6 b,e) and AZO film becomes smooth without
cracks at TS = 175°C (figure 6 c,f). Though, the extended scratch-like defects were observed in all these
samples.
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In figure 7, OM images clearly demonstrate that the formation of cracks depends on the temperature of
the substrate during the deposition. The formation of cracks is reducing with the temperature increase.
The formation of cracks could be due to tensile stress of AZO layers which was not accommodated by the
polymer substrate. Thin PET substrate foil was bent after AZO deposition. The bending of the substrate is
visible by naked eye. The tensile stress probably was relaxed due to softened polymer material at higher
TS (glass transition temperature for PET in air, Tg ≈ 70°C). Tensile stress in AZO and ITO films were
observed on PET by XRD and AFM [15,2]. According to [3] the stress along the horizontal direction in AZO
film is related to the location of the peak (002) of the diffraction angle. AZO film has compressive stress
when the diffraction angle of the peak (002) is lower than 34.47° and tensile stress when it is larger than
34.47°. From the figure 8 [15], the diffraction angle is larger than 34.47° for AZO film on PET. In figure 9
[2], the cracks in ITO film on PET observed by AFM is demonstrated. The reduction of the formation of
cracks was observed in AZO film on PET when the distance between the target and the substrate in PLD is
increased [9]. In figure 10, the transmission measurements are shown for AZO film on PET performed at
different temperatures. These measurements showed that the transmission data are obviously very
similar for all samples. In figure 11, the graph of resistivity for AZO films on PET at different temperatures
is presented. Heating the polymer before deposition didn’t change anything. The different atmosphere
background as N2 or Ar didn’t change anything as well. The pressure was changed too. The higher
pressure makes plume smaller during the deposition and as consequence the film is too thin and sheet
resistance of these films is too high. The use of buffer layer ZnO made before deposition of AZO (p= 0.1
mbar, F= 1 J/cm2, room temperature) didn’t improve the quality of the thin film.
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a)

b)

c)

d)

e)

f)

g)

Figure 7 OM images of AZO on PET at TS: a) 50°C, b) 75°C, c) 100°C, d) 125°C, e) 150°C, f) 175°C, g) 200°C
(magnification x50)
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Figure 8 The peaks of the diffraction angle for AZO film on glass, PET and PEN [15]

Figure 9 Surface roughness and crack in ITO film on PET observed by AFM.(A150 –denotation for sample
ITO film on PET) [2]
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Figure 10 Transmission measurements of AZO films on PET made at different temperatures.

3 wt% AZO on PET at diff temp

3.5

resistivity (mOhm*cm)

3.0

2.5

2.0

1.5

1.0

0.5
40

60

80

100

120

140

160

180

200

220

T, temperature (°C)

Figure 11 Resistivity vs temperature of the substrate during the deposition for AZO films on PET
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5.2.3 Deposition of AZO on PET exposed to laser prior to the deposition
The PET samples were exposed to laser prior to AZO thin film deposition probably in order to relax
intrinsic stresses in the polymer substrate. The exposure to laser of the polymer substrate was tried with
different laser fluence and different number of pulses before deposition. And only when was the
exposure to laser with laser fluence F = 15 mJ/cm² and number of pulses 100 or 500 used AZO film on the
irradiated substrate didn’t have cracks. When the number of pulses 500 the deposited film does not have
cracks but small wrinkles. Optimally, the polymer substrate should be pre-irradiated with laser fluence 15
mJ/cm² (below the ablation threshold of PET) and 100 pulses before deposition. The sheet resistance of
the AZO film on non-irradiated samples (i-PET) was approximately 330 Ω and on irradiated with laser
fluence 15 mJ/cm² and 100 pulses was approximately 140 Ω. The transmission measurements for the
samples of AZO thin film on irradiated and non-irradiated substrates were shown in figure 12 and optical
microscopy (OM) images of the samples were shown in figure 13. The deposition of AZO on the PET and iPET was made at the pressure 10-3 mbar (O2), NL = 10000, F = 2.5 J/cm2, TS = 100°C.
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Figure 12 Transmission measurements for AZO thin film on PET and i-PET
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Figure 13 AZO on a) PET b) i-PET c) border between exposed to laser part (on the right) and unexposed to
laser part (on the left) (Magnification x50)
5.2.4 Deposition of AZO thin film on FEP
AZO thin film was deposited on FEP, on pre-irradiated FEP (i-FEP) before AZO deposition and on FEP at
high temperature (TS = 175°C). The deposition parameters on FEP substrates: pressure in O2 = 10-3 mbar,
NL = 10000, F=2.6 J/cm2, Ts = 20°C (for samples FEP and i-FEP). The resistivity of these samples were very
high and in the range of 10 -15 mΩ•cm. The increase of the substrate temperature and exposure to laser
prior to AZO deposition didn’t improve the quality of AZO thin film (see also OM image of the AZO film on
FEP, i-FEP and on FEP at high temperature in Figure 14).The transmission measurement for these samples
are presented in figure 15 and these data are very similar for all samples. AZO thin films on all samples
with FEP have “wrinkles”.

99

a)

b)

c)
Figure 14 OM images of AZO thin film on a) FEP, b) i-FEP and c) FEP (TS = 175°C)
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Figure 15 Transmission measurements for samples AZO thin film on FEP, i-FEP and FEP (where TS = 175°C).
5.2.5 Deposition of AZO thin film on PET and FEP at low laser fluence
AZO thin film deposition was on PET and FEP performed at low laser fluence F = 1J/cm2. Irrespective of
temperature TS = 20-200°C, the films were smooth and without cracks (figure 16a, NL =10000 and TS
=175°C). However, the cracks were observed for thicker AZO films (figure 16b, NL = 25000 and TS = 175°C).
The absence of cracks can be explained by lower energy (lower stress of AZO films) during AZO
deposition. For thicker AZO films the stress relaxation was apparently not sufficient to avoid cracking of
the oxide layer. For AZO/FEP, the deposition of the film at low fluence didn’t improve the quality of the
films.
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Figure 16 OM images for AZO thin films deposited on PET at F = 1 J/cm2 and TS = 175°C and a) NL = 10000,
and b) NL = 25000
5.2.6 Summary of the results of AZO thin film deposition on PET, FEP and glass
In table 1, the AZO film thickness h, sheet resistance RS, room temperature resistivity ρ, optical
transmission T550 at wavelength λ = 550 nm, the surface morphology, and a figure of merit of some AZO
films on PET, FEP, and glass substrates [1]. The different laser fluence F and substrate temperature TS
were applied for the deposition of the films. The number of pulses (NL = 10000), the background gas
pressure (p = 10-3 mbar in O2) and the content of Al2O3 in the target are the same for all samples. The
optical transmission changed moderately with laser fluence F and substrate temperature TS. The
transmission for AZO/PET samples was T550 > 0.75 (at F = 1.0= J/cm2) and T550 > 0.54 (at F = 2.5 J/cm2). The
lower transmission at large laser fluence can be probably explained by the larger film thickness and
residual absorption of the AZO material. A similar behavior of transmission with fluence was observed for
the AZO/FEP samples. The transmission was T550 ≈ 0.83 for PET and T550≈0.93 for FEP. For AZO on glass
samples T550 was ≥0.8. The sheet resistance and resistivity of AZO thin film on PET are very depended on
the deposition parameters. The resistance of AZO films on PET was RS < 100 Ω and resistivity was ρ < 2
mΩ•cm at high laser fluence (F = 2.5 J/cm2) and high substrate temperature (TS ≥150°C) and resistance
was higher at low substrate temperatures. The resistivity was ρ < 1.5 mΩ•cm at low laser fluence (F = 1.0
J/cm2) and high substrate temperature (TS = 175°C). It can be explained by a better incorporation of Al in
films at lower laser fluence [10]. The sheet resistance for AZO films on PET at lower laser fluence was
higher due to the smaller thickness (RS = ρ/h). The resistance for AZO films on FEP was not improved at
low laser fluence or high substrate temperature. The AZO/PET films had better electrical properties than
AZO/FEP films (ρ ≈ 10 mΩ•cm) but worse than AZO/glass films (ρ ≈ 0.17 mΩ•cm)[4].
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The surface morphology of the films depended on the parameters used for the deposition of the films
and the type of the substrate. The smooth AZO films without cracks and scratches were achieved on PET
at low laser fluence irrespective of the substrate temperature. The films without cracks but with some
scratch-like features were achieved at high laser fluence and high temperature (TS ≥ 150°C). AZO thin
films on PET had cracks at high laser fluence and low temperature (TS < 150°C). The AZO thin films on FEP
had “wrinkles” in most of cases. The AZO thin films on glass are smooth irrespective of laser fluence and
the substrate temperature. To evaluate the quality of AZO films for TCO application figure of merit (FOM)
can be calculated from measured transmission T550 and resistance RS using:
FOM =

𝑚
𝑇550
𝑅𝑆

(1)

where m = 10 [5]. From the table 2, the AZO thin films on PET with highest FOM ≈ 0.72•10-3 Ω-1 was
produced at low laser fluence and low temperature. The figure of merit was calculated by normalizing the
transmission T550 of the samples to the transmission of the blank PET substrate. The figure of merit was
FOMAZO ≥ 3.7•10-3 Ω-1 in good agreement with earlier results calculated for the film without the substrate
[10].
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Sample

TS

Φ

h

RS

ρ

(° C)

(J/cm2)

(nm)

(Ω)

(mΩ cm)

AZO/PET

20

2.5

740

AZO/PET

50

2.5

AZO/PET

75

AZO/PET

FOM

surface

(10-3 Ω-1)

(morph.)

0.56

0.004

C

93

0.54

0.023

C

2.5

95

0.58

0.045

C

100

2.5

140

0.66

0.11

C

AZO/i-PET

100

2.5

140

0.71

0.23

W

AZO/PET

125

2.5

159

0.67

0.12

(C)

AZO/PET

150

2.5

0.57

0.04

Sc

AZO/PET

175

2.5

41

0.64

0.28

Sc

AZO/PET

200

2.5

93

0.57

0.04

S

AZO/PET

20

1.0

215

0.83

0.72

S

AZO/PET

175

1.0

0.78

0.58

S

AZO/FEP

20

2.5

475

0.7

0.06

W

AZO/FEP

100

2.5

1000

0.65

0.01

W

AZO/FEP

175

2.5

0.65

0.02

W

AZO/FEP

20

1.0

0.82

0.01

S

AZO/glass

20

2.5

0.80

0.91

S

AZO/glass

300

2.5

0.92

62.06

S

AZO/glass

300

2.5

0.83

14.11

S

214

100

150

86

145

688

1.84

1.45

10.32

12100
150

118

1.77

7
150

11

0.165

T550

Table 1 Thickness h, sheet resistance RS, room temperature resistivity ρ, optical transmission in the visible
range (λ = 550 nm) T550, figure of merit (FOM), and morphology of the AZO thin films on PET, FEP, and
glass substrates. Films were deposited at different laser fluence and substrate temperature. Surface
morphology of the AZO thin films was smooth (S), cracked (C), scratched (Sc), or wrinkled (W). The
morphology of the films was observed in optical and electron microscopy.
5.2.7 Deposition of AZO and ZnO on polypropylene and polystyrene
As a target ZnO and as a substrate Polypropylene (PP) (thickness 40 µm) and Polystyrene (PS)(thickness
25 µm) were used for deposition. The parameters used: the pressure p(O2) = 10-3 mbar, laser fluence F= 2
J/cm², NL = 2000, substrate temperature TS = 20°C. After deposition the samples were black: hereby, it
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becomes black because of decomposition of the polymer substrate, so called the process of carburization
occurred. In case when as a target AZO(4wt%) used the deposition is conducted at the same parameters ,
the sample became not completely black (half is black and one can see also colored thin rings in
polypropylene and in some parts dark and colored rings in polystyrene). The transmission measurements
of ZnO and AZO thin films on PP and PS are also performed (Figure 17, 18)
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Figure 17 a) Transmission measurement of PP and ZnO film on PP b) Transmission measurement of PS and
ZnO film on PS
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From the transmission measurements data, one can conclude that there are probably no ZnO film
deposited on PP and PS. The oscillations in transmission measurements can probably be due to FabryPerot interference occurring during the transmission of light through the quite thin films of PS. Despite
quite strong oscillations in measurements, the transmission in complete λ-range stays constant.
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Figure 18 Transmission measurements of PP and PS and AZO film on PP and PS
From these transmission measurements data, it is obvious that there is no high quality AZO film on PS and
there is AZO film on PP but with very little doping of Al in it (only small decrease of transmission in the
NIR, see part Transparent conducting oxides).
The deposition of ZnO film is also performed on polyethylene terephthalate (PET) and fluorinated
ethylene propylene (FEP) (Figure 19). The parameters used are the same as with PP and PS. The
transmission measurements are made as well. The summary of these experimental data could be found in
Table 2. The parameters for AZO (4wt%) and ZnO deposition on polymers are the same if different it is
mentioned in the table.
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Figure 19 Transmission measurements of PET and FEP and ZnO on PET and FEP
Here, one can see that ZnO film was deposited on PET and not really on FEP.
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3000

Type of
polymer

Films

Transmission (%)

Resistance (2 points)

Transmission (%)

400 nm/800 nm/1500 nm

Range (order of
magnitude)

(blank substrate)
400 nm/800 nm/1500 nm

PP

ZnO

0

0

7

0.7 MΩ

87

90

90

PS

ZnO

2

14

32.5

4 kΩ

87

90

87

PP

ZnO

0

~0.2

3.5

7 kΩ (4 points)

87

90

90

PS

ZnO

0

~0

1

4 kΩ

87

90

87

PP

AZO

~65

~79

~72

1 kΩ

87

90

90

PS

AZO

~1

~18

~20

0.4 kΩ

87

90

87

PP(1.5 J/cm²)

ZnO

~0

~7

26

0.4 kΩ

87

90

90

PS

ZnO

~6

~24

45

9 kΩ

87

90

87

PP(1.5 J/cm²)

ZnO

~0

~7.5

30

0.6 kΩ

87

90

90

PP(1.28 J/cm²)
center

ZnO

0

1

10

2 kΩ

87

90

90

PET

ZnO

7

57

57

6 kΩ

75

82

83

FEP center

ZnO

0

10

28

1 kΩ

89

95

94

glass

AZO

~77

~87

~87

100 kΩ

90

90

90

PP(1.28 J/cm²)
edge

ZnO

42

75

80

1.8 kΩ

87

90

90

FEP edge

ZnO

5

48

55

1 kΩ

89

95

94

Table 2 Transmission and resistance measurements of ZnO and AZO film on different polymers and
transmission measurements of blank polymers
So from the table 2 and transmission measurements and taking in account that ZnO deposition on PP and
PS turns polymers black one can see that PP and PS are not suitable polymer substrates for AZO and ZnO
deposition by PLD .
In addition, AZO films were deposited on PET and other polymer substrates by PLD [6, 7, 8, 9, 10] and
sputtering techniques [11, 12, 13, 14, 15]. However, no works of AZO or ZnO deposited on PS or PP was
observed.
5.2.8 Deposition of the AZO thin films on the organic photovoltaic polymers
The AZO thin films were also grown as a transparent contact on top of the organic photovoltaic polymers
[1]. The sample structure was glass/Ag/PEDOT:PSS/P3HT:PCBM/AZO (fig. 20a) or
glass/Ag/PEDOT:PSS/PTB7:PC70BH/AZO (fig. 20b). The samples are smooth when the deposition made at
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high laser fluence and high temperature (fig. 20a) and low laser fluence and low temperature (fig. 20b).
The samples are cracked at both substrates at high laser fluence and low temperature (insets fig. 20a and
b). The variation of morphology of the films on the photovoltaic polymers is qualitatively similar to that of
the films on PET.

Figure 20 The AZO thin film on (a) glass/Ag/PEDOT:PSS/P3HT:PCBM/AZO at F = 2.0 J/cm 2 and TS = 150°C
(inset: at F = 2.0 J/cm2 and TS = 20°C) and (b) glass/Ag/PEDOT:PSS/PTB7:PC70BH/AZO at F = 2.0 J/cm2 and
TS = 20°C (inset: at F = 2.0 J/cm2 and TS = 20°C).
5.2.9 Spinel ZnAl2O4
When the deposition of AZO films are performed with target Al2O3(6wt%)/ZnO at similar parameters and
on any substrate, the electrical properties and FOM of the films become worse (see Appendix A). In figure
21, the less Al doping is observed from the transmission measurements. This can be probably explained
by formation of spinel ZnAl2O4 when the concentration of Al in the target is higher than 3% [16, 17, 18,
19].
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Figure 21 Transmission measurements for samples AZO (6wt%) on glass (TS = 300°C), AZO (6wt%) on glass
(TS = 20°C), AZO (6wt%) on FEP and PET (TS = 20°C).
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6 Conclusions
Part I
The as-prepared YBCO film on MgO substrate had critical temperature Tc ~ 90 K with a sharp transition
ΔTc ~ 1K, and a linear ρ(T) temperature dependence. After irradiation by MIBS ρ(290 K) is increased by a
factor ~ 3. Mask Ion Beam irradiation of YBCO thin film was performed with 75 keV He+. The square array
of nanodots was produced in the YBCO thin film with a diameter of approximately 175 nm and a periodic
lattice constant of 300 nm by ion irradiation. After irradiation, the slope of the ρ(T) curves remain
metallic, indicating that no oxygen depletion occurred. Though, the critical temperature of irradiated
YBCO film is decreased to Tc ~ 47 K and transition is broadened to ΔTc ~ 8K.
In cooperation with Prof. Wolfgang Lang (University of Vienna), the sample with YBCO thin film was zerofield cooled below critical temperature Tc and magnetic field was repeatedly ramped up and down. A
strong hysteresis of magnetoresistance and the critical current density jc(B) is observed during these
cycles. Commensurate arrangements between vortices and the defect lattice are occurred at the
𝛷

matching fields B = nBm with Bm = 𝑑20 , where Φ0 is the flux quantum and d the lattice constant.
Commensurability effects between vortices and defect lattice manifest themselves in pronounced minima
of magnetoresistance and pronounced maxima of critical current density.The entire jc(B) could be
described by a tentative model [1].
Part II
Al doped ZnO thin films and ZnO thin films were grown on PET and FEP by PLD and on glass for a
comparison. The electrical, optical and structural film properties were investigated. Al doped ZnO thin
films grown on PET at fluence F = 2.5 J/cm2, pressure p = 10-3 mbar and substrate temperature TS = 20°C
have cracks (resistivity is high). However, Al doped ZnO thin films on PET do not have cracks ( resistivity ρ
< 2 mΩ cm) but scratch-like structures when deposited at substrate temperature Tc ≥ 150°C ( at TS >
200°C, PET starts to melt). Al doped ZnO thin films on i-PET (TS = 100°C) do not have cracks as well and the
sheet resistance for these samples was reduced by factor ≤3 compared to the samples prepared in the
same deposition run. Moreover, Al doped ZnO thin films on PET are completely crack-free (resitivity ρ <
1.5 mΩ cm, for glass ρ ≈ 0.17 mΩ cm [2]) when grown at lower fluence F = 1 J/cm2 irrespective of
temperature (Tc = 20°C – 175°C). Though the cracks in such films appear when the thickness is increased
(NL ≥ 20000). Annealing of the substrate before deposition and change of gas background and pressure do
not make any effect on the thin film quality. Al doped ZnO thin films grown on FEP at fluence F = 2.5
J/cm2, pressure p = 10-3 mbar and substrate temperature TS = 20°C have wrinkled structure and have high
resistivity (ρ ≈ 10 mΩ cm). The increase of the substrate temperature, decrease of fluence and preradiation of the substrate before deposition did not improve the electrical properties of the films.
The surface of PS and PP become black probably because of decomposition of the polymer substrate
during the PLD.
The high optical transmission in the visible range was observed for Al doped thin films on PET and FEP.
The highest figure of merit was for Al doped thin films on PET produced at fluence F = 1 J/cm2 and TS =
20°C (FOM ≈ 0.72•10-3 Ω-1).
In cooperation with Prof. N.S. Sariciftci (Johannes Kepler University Linz), the AZO/PET substrates
produced at fluence F = 1 J/cm2 and TS = 20°C are employed in inverted solar cell devices with P3HT:PCBM
as photovoltaic active layer. The power conversion efficiency is ≈2.1% for these solar cell devices. Further,
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the Al doped ZnO thin films were grown as transparent cathode layer on top of the organic photovoltaic
layers. The sample structure was glass/Ag/PEDOT:PSS/P3HT:PCBM/AZO and
glass/Ag/PEDOT:PSS/PTB7:PC70B/AZO. The efficiency of these solar cell devices was very low even if AZO
film did not have cracks. The morphology variation with deposition parameters was qualitatively similar
to AZO on PET.
In cooperation with Prof. P. Bauer (Johannes Kepler University Linz), the ZnO and AZO films on PET were
investigated by RBS analysis. ZnO films deposited at low (10-2 mbar in O2) pressure were enriched in
oxygen and while at high (0.7 mbar in O2) pressure were depleted in oxygen. ZnO films wre grown
stoichiometrically only at pressure 0.1 mbar in O2. The AZO films grown at pressure 10-3 mbar (O2) were
grown stoichiometrically with 7 % relative standard deviation.
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Appendix A
Here is the table of all AZO films on all substrates made during this work

Temperature

Substrate

Date (PLD)

Target Buffer Druck Buffer Fluence Buffer

Target

Druck

Fluence

23.08.2013
23.08.2013
23.08.2013
23.08.2013
23.08.2013
23.08.2013
26.08.2013

3 wt% AZO 05.06.2013
3 wt% AZO 05.06.2013
3 wt% AZO 05.06.2013
3 wt% AZO 05.06.2013
3 wt% AZO 05.06.2013
3 wt% AZO 05.06.2013
3 wt% AZO 05.06.2013

mbar
0.001
0.001
0.001
0.001
0.001
0.001
0.001

J/cm²
2.5
2.5
2.5
2.5
2.5
2.5
2.5

PET

19.09.2013

3wt% AZO 12.09.2013

0.001

100
100
100

PET
PET
PET

19.09.2013
19.09.2013
19.09.2013

3wt% AZO 12.09.2013
3wt% AZO 12.09.2013
3wt% AZO 12.09.2013

100

FEP

19.09.2013

100

PET

100

PET

100
100

°C
175
150
50
75
100
125
200

PET
PET
PET
PET
PET
PET
PET

100

mbar

J/cm²

Atmospere Sheet resistance Trans (550nm)
O²
O²
O²
O²
O²
O²
O²

Ohm
41
86
93
95
119
159
93

0.64
0.57
0.54
0.58
0.62
0.67
0.57

2.5

O²

94

0.67

0.001
0.001
0.001

2.5
2.5
2.5

O²
O²
O²

105
700
142

0.71
0.74
0.66

3wt% AZO 12.09.2013

0.001

2.5

O²

1000

0.645

19.09.2013

3wt% AZO 12.09.2013

0.001

2.5

O²

2000

0.025

19.09.2013

3wt% AZO 12.09.2013

0.001

2.5

O²

2280

0.8

PET
FEP

19.09.2013
19.09.2013

3wt% AZO 12.09.2013
3wt% AZO 12.09.2013

0.001
0.001

2.5
2.5

O²
O²

2300
5200

0.76
0.68

100
300
100

PET
glass
PET

19.09.2013
30.09.2013
30.09.2013

3wt% AZO 12.09.2013
3wt% AZO 12.09.2013
3wt% AZO 12.09.2013

0.001
0.001
0.001

2.5
2.5
2.5

O²
O²
O²

8400
7
330

0.66
0.92
0.62

100
RT
RT
175
RT
175
RT

PET
PET
PET
PET
FEP
FEP
PET

30.09.2013
03.10.2013
03.10.2013
04.10.2013
04.10.2013
04.10.2013
04.10.2013

3wt% AZO 12.09.2013
3wt% AZO 12.09.2013
3wt% AZO 12.09.2013
3wt% AZO 12.09.2013
3wt% AZO 12.09.2013
3wt% AZO 12.09.2013
3wt% AZO 12.09.2013

0.001
0.001
0.001
0.001
0.001
0.001
0.001

2.5
2.5
2.5
2.5
2.5
2.5
2.5

O²
O²
O²
O²
O²
O²
O²

140
652
740
180
475
688
overload

0.71
0.5
0.56
0.59
0.7
0.65
0.62

RT

FEP

10.10.2013

3wt% AZO 12.09.2013

0.001

2.5

O²

238

0.46

175
RT
175
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
300
RT
300
RT
175
RT
RT
RT
RT

FEP
FEP
FEP
PET
PET
PET
PET
PET
FEP
FEP
FEP
PET
FEP
PET
PET
FEP
PET
FEP
PET
FEP
PET
PET
PET
PET
FEP
FEP
FEP
glass
glass
glass
glass
PET
PET
PET
PET/ TiO2(2nm)
FEP
FEP/TiO2(2nm)

10.10.2013
10.10.2013
10.10.2013
11.10.2013
24.10.2013
24.10.2013
31.10.2013
31.10.2013
31.10.2013
31.10.2013
15.11.2013
15.11.2013
22.11.2013
22.11.2013
26.11.2013
26.11.2013
28.11.2013
28.11.2013
29.11.2013
29.11.2013
12.12.2013
12.12.2013
12.12.2013
13.12.2013
13.12.2013
13.12.2013
13.12.2013
19.12.2013
19.12.2013
20.12.2013
20.12.2013
20.12.2013
20.12.2013
17.01.2014
17.01.2014
17.01.2014
17.01.2014

3wt% AZO 12.09.2013
3wt% AZO 12.09.2013
3wt% AZO 12.09.2013
3wt% AZO 12.09.2013
2wt% AZO 12.10.2013
2wt% AZO 12.10.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
6wt% AZO 05.06.2013
3wt% AZO 05.12.2013
3wt% AZO 05.12.2013
3wt% AZO 05.12.2013
3wt% AZO 05.12.2013
2wt% AZO 05.12.2013
2wt% AZO 05.12.2013
2wt% AZO 05.12.2013
2wt% AZO 05.12.2013

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
1
1
0.1
0.1
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

2.5
2.5
2.5
2.2
1
2.5
1
1
1
1
2.5
2.5
2.5
2.5
1
1
1
1
2.5
2.5
2.5
2.5
2
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
1
1
1
1
1
1

O²
O²
O²
O²
O²
O²
O²
O²
O²
O²
N²
N²
Ar
Ar
N²
N²
Ar
Ar
Ar
Ar
O²
N²
Ar
Ar
Ar
N²
O²
O²
O²
O²
O²
O²
O²
O²
O²
O²
O²

1200
1400
7600
1880
78
20000
170
425
6700
30000
280
815
294
2200
330
2600
infinity
infinity
infinity
infinity
1800000
437000
80000
725000
4350000
770000
900000
520
72
118
11
1000
145
215
2200
12100
2039

0.575
0.675
0.73
0.445
0.79
0.61
0.77
0.84
0.82
0.785
0.72
0.57
0.7
0.62
0.6
0.65
0.84
0.89
0.86
0.81
0.76
0.79
0.77

ZnO
ZnO
ZnO

0.1
0.1
0.1

1
1
1

ZnO

0.1

1
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0.82
0.85
0.8
0.83
0.81
0.78
0.83
0.48
0.82
0.72

FOM

Notes

10-3/Ohm
0.281200367
0.042096899
0.022670163
0.045347811
0.070529358
0.114643887
0.038928315

scratches
scratches
cracks
cracks
cracks
less cracks
no cracks
Substrate laser exposed, energy 20 mJ
0.193918915
#pulses 100, no cracks
Substrate laser exposed, energy 20 mJ
#pulses 500, no cracks at low
0.310023195 magnification but small wrinkles visible
0.07034272
substrate heated before , cracks
0.110446259
cracks
substrate heated before , probably
0.01246227
wrinkles
Substrate laser exposed, fluence
70mJ/cm² #pulses 20, no cracks at low
4.76837E-17
magnification
Substrate laser exposed, energy 10 mJ
0.04709394
#pulses 20, cracks
Substrate laser exposed, energy 10 mJ
0.027951691
#pulses 100, cracks
0.004065236
wrinkles
Substrate laser exposed, energy 10 mJ
#pulses 500, many cracks, note: if we
increase at certain point number of
0.001867068
pulses films become worse
62.05549346
smooth
0.025433314
cracks
Substrate laser exposed, energy 20 mJ
0.232517397
#pulses 100, no cracks
0.001497795
cleaned, cracks
0.004098723
uncleaned, cracks
0.028395375
scratches
0.059468473
wrinkles
0.019567941
wrinkles
#VALUE!
annealed before at t =250°C , cracks
Substrate laser exposed, energy 20
0.001782384
mJ/cm² #pulses 100, wrinkles
Substrate laser exposed, energy 20
0.003292283
mJ/cm² #pulses 100, wrinkles
0.01402522
wrinkles
0.005654771
wrinkles
0.000161973
cracks
1.213881549
smooth
0.000356671
0.430981204
no cracks
0.411532303
no cracks
0.020514632
some scratches
0.002961934
some scratches
0.133710937
wrinkles
0.004442127
cracks
0.096080017
wrinkles
0.003814997
cracks
0.018323084
smooth
0.005177978
scratches
#VALUE!
no films visible
#VALUE!
no films visible
#VALUE!
smooth thin film
#VALUE!
smooth thin film
3.5716E-05
smooth thin film
0.000216665
smooth thin film
0.000915835
smooth thin film
0
smooth thin film
0
smooth thin film
0
smooth thin film
0
smooth thin film
0.264323137
smooth thin film
2.734366727
smooth thin film
0.909950698
smooth thin film
14.10549199
smooth thin film
0.121576655
smooth thin film
0.574881092
smooth thin film
0.721676334
smooth thin film
0.000295114
smooth thin film
0.011359341
smooth thin film
0.018361482
smooth thin film

Appendix B
Collaboration works with other groups (with group of Prof. N:S: Sariciftci, L. Leonat, M. Scharber)
Organic solar cell
The schematic structure of OCS is presented in figure 1 [1]. The Al-doped ZnO was the electron collecting
and transport layer. The P3HT:PCBM is the active layer. The MoO3/Ag was the hole collecting electrode in
the OSC with inverted structure (Fig. 1a). The AZO/PET sample replaced the commonly used ITO/glass
substrate and the PEDOT:PSS layer. The PEDOT:PSS was used as a hole selecting layer in the OSC with
conventional structure (Fig. 1b). The molecular structure of the P3HT and PCBM is shown in the upper
part of the Figure 1.

Figure 1 Schematic structure of the OSC with AZO as the electron transport layer and P3HT:PC60BM as
active layer. In the inverted OSC, the active layer absorbs the light through PET/AZO/ZnO and the ZnO
layer improves wetting and adhesion of P3Ht:PC60BM to AZO. The MoO3 is a hole collecting layer. In the
conventional OSC, the light is transmitted through the AZO and absorbed in the active layer. In the upper
part of the figure, the molecular structure of P3HT and PC60BM.
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The AZO/PET samples for the electron transport layer in OSC were performed in three series and the PCE
of the OSC were measured. In the first series, the AZO deposition on PET were performed at the
parameters as p(O2) = 10-3 mbar, laser fluence F= 1 J/cm2, NL = 10000 at TS = 20°C and TS = 175°C and NL =
5000 at TS = 20°C and 175°C (the target 2%wt Al2O3/ZnO). The transmission measurement data for the
samples are presented in the figure 2 and OM images are in figure 3.

sample 2.1
sample 2.2
sample 2.3
sample 2.4

100

Transmission, %

80

60

40

20

0
500

1000

1500

2000

2500

3000

Wavelength, nm

Figure 2 Transmission measurement data for the AZO on PET for inverted OSC The samples made at p(O2)
= 10-3 mbar, F = 1 J/cm2, NL = 10000, TS = 20°C (sample 2.1), p(O2) = 10-3 mbar, F = 1 J/cm2, NL = 5000, TS =
20°C (sample 2.2), p(O2) = 10-3 mbar, F = 1 J/cm2, NL = 10000, TS = 175°C (sample 2.3), p(O2) = 10-3 mbar, F
= 1 J/cm2, NL = 5000, TS = 175°C (sample 2.4)
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a)

b)

c)

d)

Figure 3 OM images for the AZO on PET for inverted OSC The samples made at p(O2) = 10-3 mbar, F = 1
J/cm2, NL = 10000, TS = 20°C (sample 2.1) (a), p(O2) = 10-3 mbar, F = 1 J/cm2, NL = 5000, TS = 20°C (sample
2.2) (b), p(O2) = 10-3 mbar, F = 1 J/cm2, NL = 10000, TS = 175°C (sample 2.3)(c), p(O2) = 10-3 mbar, F = 1
J/cm2, NL = 5000, TS = 175°C (sample 2.4)(d). Magnification is x50
The transmission data are very similar for all samples and it’s obvious that there is not much Al doping in
the film (figure 2) and the AZO films are without cracks (figure 3). The PCE, FF, Voc, Jsc, Rs, Rp
measurements of the OSC from the samples are presented in the table 1. The measurements were made
by Lucia Leonat from the group of Prof. Sariciftci. The PCE of the sample is very low, the highest is 0.94%,
the area of the OCS is 0.18 -0.30. The high RS in solar cell is due to low conductivity of the AZO film. The
other reason can be that the droplets [2] on the surface of the film can create the cracks in the active
layer of solar cell.
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Sample Name
2.3_1
2.3_2
2.3_3
2.3_4
2.3_5
2.3_6
2.3_7
2.3_8
2.4_1
2.4_2
2.4_3
2.4_4
2.4_5
2.4_6
2.4_7
2.4_8

VOC
V
0.55
0.56
0.53
0.53
0.56
0.56
0.57
0.57
0.48
0.45
0.46
0.47
0.55
0.47
0.43
0.43

JSC
mA/cm
0.00
0.04
0.08
0.05
0.34
0.47
0.36
0.11
5.59
4.94
3.18
0.37
0.10
1.25
2.32
2.58

FF
2

%
26
24
25
24
24
25
24
24
28
28
27
26
26
27
27
28

PCE
%
0.00
0.01
0.01
0.01
0.06
0.08
0.06
0.02
0.94
0.76
0.49
0.06
0.02
0.20
0.33
0.38

Rs

Rp

Ohms
Ohms
481 978 1 675 176
73 154 67 134
33 956 33 408
53 411 50 467
9 401
8 355
6 884
6 350
9 242
8 136
30 501 24 970
241
1 342
175
842
367
1 558
4 435
11 138
15 514 30 443
749
2 318
308
1 001
228
785

Area
2

cm
0.21
0.21
0.21
0.21
0.18
0.18
0.18
0.18
0.24
0.24
0.24
0.24
0.30
0.30
0.30
0.30

Orientation
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard

Table 1 Voc, Jsc, FF, PCE, Rs, Rp of the OCS with the electron transport layer AZO/PET (samples 2.3-2.4). The
OCS from the samples 2.1 and 2.2 were shorted.
In the second series, the AZO deposition on PET were performed at the parameters as p(O2) = 10-3 mbar,
laser fluence F= 1 J/cm2, NL = 10000-25000 with step 2500 at TS = 175°C (samples 4.1-4.8). The
transmission measurement data for the samples are presented in the figure 4. From the figure 4, it is
clear that the most Al doping is observed in the samples 4.7 and 4.8, the sample 4.5 has less Al doping, in
the other samples not much Al doping is observed. It can be explained by more amount of Al in the
thicker (larger NL) films. It is also interesting to see the correlation of the transmission and the number of
pulses for the samples (figure 5). In figure 6, the cracks were observed at thick samples (figure 6h).
Though the films in the samples 4.5 and 4.7 seem in general smooth, one still can find some cracks (figure
7). There is apparently not sufficient relaxation in the oxide layer in the thicker AZO films. From the
transmission data and OM images, there is not much Al doping observed and lower conductivity as a
consequence in the thinner films and sufficient Al doping in the thicker films but the presence of cracks
makes these sample unsuitable. Figure 8 shows the results of PCE in the inverted solar cells from the
samples (4.1-4.8) and the measurements of AZO film roughness in the samples. The PCE is low, the
highest is 1.0%.
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sample 4.1
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Figure 4 Transmission measurements data (samples 4.1-4.8)

Ln (T), T - Transmission, % at 1500 nm

AZO on PET

0.36788

0

5000

10000

15000

20000

25000

Number of pulses

Figure 5 The dependence ln(T), T in % at 1500 nm vs NL for the samples 4.1-4.8.
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a)

b)

c)

d)

e)

f)

g)

h)

Figure 6 OM images for sample 4.1 a), 4.2 b), 4.3 c), 4.4 d) 4.5 e) 4.6 f) 4.7 g) 4.8 h). Magnification is x10.
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a)

b)

Figure 7 Cracks in the AZO film in the sample 4.5 a) and in the sample 4.7 b)

a)

b)
Figure 8 a) solar cell parameters b) measurements of roughness in AZO film for the samples 4.1-4.8
(provided by Lucia Leonat)
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In the third series, the AZO deposition on PET were performed at the parameters as p(O2) = 10-3 mbar,
laser fluence F= 1 J/cm2, NL = 20000 at TS = 175°C (sample 5.1 and 5.2) and NL = 15000 (samples 5.3-5.5) at
TS = 175°C (the target 2%wt Al2O3/ZnO). For the sample 5.5, the PEN was used as a substrate. The
transmission measurement data for the samples are presented in the figure 9 and OM images are in
figure 10. Transmission measurement data demonstrate that some Al doping are in the films of all
samples. The OM images show that the AZO films are smooth for the samples 5.1-5.4 and the film on the
sample 5.5 has a rough structure (granite-like) and has few cracks. The PCE for the samples is still low but
considerably higher than before (table 2). The highest PCE is ≈2.1%. It can be explained by small area of
the solar cell. In smaller area, there is more possibility to have smooth and even surface and less droplets
[2]. The solar cell in sample 5.5 is shorted. Probably PEN is not suitable substrate for solar cell fabrication.
The fill factors for the devices (FF = 34-40%) are low. Higher efficiency of PCE = 2.8 and 2.9 % was
reported with P3HT:PCBM based flexible OSC on PET without and with ITO layer, respectively, and with
PEDOT:PSS as anode layer [3]. For an OSC device similar to that reported here but built on a standard
glass/ITO substrate the PCE was 2.9% and FF was 69% [4]. An even higher efficiency of 3.9% was achieved
using a glass/ITO substrate and a PEDOT:PSS layer [5].The fill factor is reduced if the materials and
interfaces in the OSC are degraded and charge carrier transport is affected (results in large serial
resistance) and if micro short-circuits cause leakage currents which results in low parallel resistance. The
micro short-circuits are very common for the substrates with the rough surface, e.g. paper [6]. The
AZO/PET substrates have relatively rough surface. Furthermore, the formation of droplets [2] during thin
film deposition probably causes shunts if the size of droplets becomes larger than a thickness of the
active layer. Though, such droplets can be removed by chemical mechanical polishing (CMP) and
smoothened films can be received [7]. Moreover, modified PLD techniques such as off-axis, eclipse and
dual-beam deposition can be used to grow films with reduced droplet density [2].
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sample 5.3
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Figure 9 Transmission measurement data for samples 5.1-5.4 a) and for sample 5.5 b)
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a)

b)

c)

d)

e)
Figure 10 OM images for samples 5.1-5.5.
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Table 2 PCE, Voc, Jsc, FF, Rs, Rp for samples 5.1-5.5
The AZO deposition on PET (samples 6.1 and 6.2) and as a comparison on glass (samples 6.3 and 6.4) is
performed. The parameters of PLD for both substrates are the same: p(O2) = 10-3 mbar, NL = 15000, F = 1
J/cm2, TS = 175°C. The transmission measurements data are shown in figure 11. The sufficient Al doping
was observed in the AZO thin films of all samples (figure 11). In figure 12, OM images of the samples are
presented. The AZO thin films are smooth in all samples. The table with Voc, Jsc, PCE, FF, Rs, Rp is presented
in table 3 (provided by Lucia Leonat). All samples with the PET and glass substrates demonstrate more or
less similar PCE.
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Figure 11 Transmission measurements for the samples 6.1-6.4
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d)

Figure 12 OM images of the samples 6.1-6.4. Magnification is x10.
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SampleName
VOC
JSC
FF
V mA/cm^2 %
6.1-AZO_7
0.47
5.50
31
6.1-AZO_6
0.52
5.48
30
6.1-AZO_4
0.55
4.76
33
6.1-AZO_3
0.54
4.59
33
6.1-AZO_2
0.55
5.24
36
6.1-AZO_2
0.54
5.22
36
6.1-AZO_1
0.53
5.04
36
6.2-AZO_1
0.51
4.19
28
6.2-AZO_2
0.12
4.60
23
6.2-AZO_3
0.49
4.64
30
6.2-AZO_4
0.31
4.48
28
6.2-AZO_5
0.06
2.62
13
6.2-AZO_6
0.52
4.43
35
6.2-AZO_7
0.10
4.27
19
6.2-AZO_8
0.51
4.41
35
6.3-AZO on glass_1 0.04
3.65
19
6.3-AZO on glass_2 0.47
7.14
32
6.3-AZO on glass_3 0.48
6.83
32
6.3-AZO on glass_4 0.08
5.66
22
6.3-AZO on glass_5 0.02
4.72 -24
6.3-AZO on glass_6 0.49
7.78
33
6.3-AZO on glass_7 0.49
7.58
34
6.3-AZO on glass_8 0.01
4.82 -336
6.4-AZO on glass_8 0.06
4.09
33
6.4-AZO on glass_7 0.49
4.57
34
6.4-AZO on glass_6 0.45
5.20
31
6.4-AZO on glass_5 0.50
4.49
30
6.4-AZO on glass_4 0.46
6.82
33
6.4-AZO on glass_3 0.51
6.41
33
6.4-AZO on glass_1 0.49
5.64
32

PCE
Rs
Rp
Area
Obs
%
Ohms Ohms cm^2
0.99
175
2 333 0.09
1.09
168
7 640 0.09
1.07
539 16 003 0.06
1.01
420 14 050 0.06
1.27
403 18 094 0.06
1.28
392 19 023 0.06
1.23
390 14 939 0.06
0.73
527
4 839
0.1
0.15
183
270
0.1
0.84
492
4 535
0.1
0.48
282
547
0.1
0.03
188
205 0.06 shorted
1.01
469 12 634 0.06
0.10
231
365 0.06
0.97
74
8 897 0.06
0.03
97
99 0.06 shorted
1.34
244 13 584 0.06
1.29
544 14 135 0.06
0.13
88
109 0.06
0.03
52
56 0.06 shorted
1.58
275 13 276 0.06
1.58
305 12 409 0.06
0.22
24
27 0.06 shorted
0.11
-89
252
0.1
0.95
219
158
0.1
0.89
132
2 610
0.1
0.83
628
4 590
0.1
1.30
-3
2 934 0.06
1.37
429 14 858 0.06
1.12
534 11 952 0.06

Table 3 Voc, Jsc, FF, PCE, Rs, Rp for OCS (samples 6.1-6.4 )
Deposition of AZO thin film on top of the solar cell sample
The AZO thin film was deposited on top of the photoactive polymers (Glass/Ag/PEDOT:PSS/P3HT:PCBM)
provided by Lucia Leonat and denoted as B16, N8, B18. The PLD parameters for deposition: p(O2) = 10-3
mbar, NL = 10000, F = 2.5 J/cm2, TS = 50°C (for sample B16), TS = 100°C (for sample N8) and TS = 150°C (for
sample B18).The OM images for the sample are shown in figure 13. The AZO films don’t have cracks but
wrinkles, and bigger wrinkles are in samples made at higher TS. In the table 4, Jsc, Voc, FF, and PCE are
presented. The PCE is low, the highest is 0.51%. IV curve in dark and light is also presented in figure 14
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a)

b)

c)
Figure 13 OM images for AZO film on Glass/Ag/PEDOT:PSS/P3HT:PCBM: a9 sample B16 b) sample N8 c)
sample B18

Sample

Jsc
2

(mA/cm )
b 16_1
b 16_2
b 16_3
b 18_1
b 18_3
N 8_1
N 8_2
N 8_3

3.12
3.76
3.43
3.64
4.13
3.91
4.52
4.23

Voc (V)
0.470
0.470
0.410
0.350
0.375
0.382
0.379
0.378

FF %

Eff %

20.0
19.8
20.8
26.0
26.4
23.5
24.0
23.6

0.37
0.44
0.37
0.41
0.51
0.44
0.51
0.47

Table 4 Jsc, Voc, FF, PCE for samples B16, N8 and B18.
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Figure 14 I-V curves in dark and light for OSC (samples B16, N8, B18)
The AZO film deposition was performed on top of the polymer (Glass/Ag/PEDOT:PSS/PTB7:PC 70BM) at the
parameters: p(O2) = 10-3 mbar, NL = 10000, F = 1 J/cm2, TS = 20°C with ZnO as buffer layer (parameters for
buffer layer: p(O2) = 0.1 mbar, F = 1 J/cm2, NL = 10000, TS = 20°C) (sample P10 ); p(O2) = 10-3 mbar, NL =
10000, F = 1 J/cm2, TS = 20°C (sample P23 ); p(O2) = 10-3 mbar, NL = 10000, F = 2.5 J/cm2, TS = 20°C (sample
P6). The AZO film deposition was performed on top of the polymer (Glass/Ag/PEDOT:PSS/P3HT:PCBM) at
the parameters: p(O2) = 10-3 mbar, NL = 10000, F = 1 J/cm2, TS = 20°C with ZnO as buffer layer (p(O2) = 0.1
mbar, F = 1 J/cm2, NL = 10000, TS = 20°C) (sample P22 ); p(O2) = 10-3 mbar, NL = 10000, F = 1 J/cm2, TS =
20°C (sample P16 ); p(O2) = 10-3 mbar, NL = 10000, F = 2.5 J/cm2, TS = 20°C (sample P4); p(O2) = 10-3 mbar,
NL = 10000, F = 1.5 J/cm2, TS = 20°C with ZnO as buffer layer (p(O2) = 0.1 mbar, F = 1.5 J/cm2, NL = 10000, TS
= 20°C) (sample P15). The OM images are presented in the figure 15. The cracks on the AZO films are
observed only when films were deposited at F=2.5 J/cm2 and TS = 20°C (figure 16a and 16c), in the other
cases the films are smooth. In table 5, Jsc, Voc, FF, and PCE are presented. The PCE is low, the highest is
0.86%.
All these devices have low fill factor (FF = 16-28) and low efficiency (the highest is 0.86%), in good
agreement with results with similar OCS [8]. The lower efficiency of these OSCs might be explained by the
damage of the exposed active layer caused by oxygen ions and UV radiation during the AZO deposition.
The photoactive layer is not exposed to the plasma with the inverted OSC and the device efficiency is
higher.
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a)

b)

c)

d)

e)

f)

g)
Figure 15 The OM images: a) sample P6, b) sample P10, c) sample P4, d) sample P16, e) sample P15, f)
sample P22, g) sample P23
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SampleName
P 4_1 P3HT
P 4_2 P3HT
P 4_3 P3HT
P 10 ptb7_2
P 10 ptb7_3
P 16 p3ht_2
P 16 p3ht_3
P 22_1 p3ht
P 22_2 p3ht
P 22_3 p3ht
P 23 ptb7_1
P 23 ptb7_2
P 23 ptb7_3
P6 ptb7_1
P6 ptb7_2

VOC
V
0.01
0.05
0.11
0.28
0.07
0.61
0.05
0.42
0.26
0.48
0.53
0.51
0.22
0.36
0.27

JSC
mA/cm^2
0.19
0.54
0.99
0.29
0.38
2.98
0.82
0.26
0.35
0.19
4.31
4.98
2.84
0.15
0.26

FF
%
19
22
25
19
24
16
25
16
22
16
27
28
25
25
25

PCE
%
0.00
0.01
0.03
0.02
0.01
0.37
0.01
0.02
0.03
0.02
0.76
0.86
0.20
0.02
0.02

Rs
Ohms
674
764
1 125
351
525
396
530
10 392
7 584
14 982
505
332
386
12 405
5 150

Rp
Ohms
666
805
1 134
1 362
889
3 868
546
5 930
4 926
7 982
1 349
972
554
17 109
7 450

Area
cm^2
0.10
0.10
0.10
0.15
0.15
0.12
0.12
0.13
0.13
0.13
0.15
0.15
0.15
0.15
0.15

Table 5 Jsc, Voc, FF, PCE for OSC (samples P4, P6, P10, P16, P22, P23, P15 is shorted).
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Appendix C
Collaboration works with other groups. (Prof. T. Klar, Prof. A. Savchuk, S. Savchuk)
The Faraday effect
The Faraday effect is a magneto-optical phenomenon that causes a rotation of the plane of polarization
which is linearly proportional to the component of the magnetic field in the direction of the propagation
(figure 1). The angle of rotation is equal to:
β = νBd,
where B – magnetic flux density in the direction of the propagation, d – the length of the path, ν – Verdet
constant for the material.

Figure 1 Demonstration of Faraday effect
Deposition of doped ZnO films on glass
For the deposition, the targets prepared by Serhii Savchuk are used as Zn0.95Mn0.05O and Zn0.9Mn0.05Al0.05O.
The parameters are p (O2) = 10-3 mbar, NL = 10000, F = 2.5 J/cm2 and TS = 300°C and as substrate glass was
taken. The transmission measurements data are shown in figure 2. For comparison, the transmission
measurements are performed for glass, ZnO on glass (PLD parameters: p (O2) 0 0.1 mbar, NL = 10000, F =
2.5 J/cm2, TS = 300°C) and Al:ZnO(6wt%) with the PLD parameters same as for Mn doped ZnO and Mn and
Al doped ZnO. The NIR transmission of Zn0.9Mn0.05Al0.05O films on glass decreased for wavelengths longer
than 1500 nm due Al doping, while for Al doped ZnO the NIR transmission already starts to decrease at
wavelength longer than 1000. It can be explained by smaller doping of Al in Mn doped ZnO. The thickness
of the films was measured by the profilometer Dektak. The thickness of Zn0.95Mn0.05O and
Zn0.9Mn0.05Al0.05O films are 0.296 µm and 0.336 µm, respectively.
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ZnO thin films on glass substrates (29/10/2013)
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Figure 2, Transmission measurement for glass, ZnO on glass, AlZnO on glass, Zn0.95Mn0.05O on glass,
Zn0.9Mn0.05Al0.05O on glass,
The deposition of Zn0.94Al0.05Mn0.01O and Zn0.92Al0.05Mn0.03 were performed on glass with the same PLD
parameters and the transmission measurements were taken (figure 3). The much sharper decrease of
transmission is observed in Zn0.94Al0.05Mn0.01O film on glass. This can be due to smaller doping of Mn in Al
doped ZnO. The thickness of the films Zn0.94Al0.05Mn0.01O and Zn0.92Al0.05Mn0.03 are 0.345 µm and 0.254 µm,
respectively.
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Figure 3 Transmission measurements of Zn0.94Al0.05Mn0.01O and Zn0.92Al0.05Mn0.03O films on glass
The films were also produced with AZO layer (NL = 5000) and MnZnO layer (NL = 1000) and again AZO
layer (NL = 5000) and AZO layer (NL = 500) and MnZnO layer (NL = 100) 20 times by PLD.
In order to check Faraday effect with other different doping, The films of Zn0.96Ni0.01Al0.03O,
Zn0.96Fe0.01Al0.03O, Zn0.96Co0.01Al0.03O and Zn0.94Al0.05Mn0.01O were deposited at the parameters of pressure p
= 10-3 mbar, number of pulses NL = 10000, laser fluence F = 2.5 J/cm2, and at temperature TS = 20°C. The
transmission measurements are shown in figure 4. The films of Zn0.96Ni0.01Al0.03O, Zn0.96Fe0.01Al0.03O,
Zn0.96Co0.01Al0.03O and Zn0.94Al0.05Mn0.01O were deposited at the parameters of pressure p = 10-3 mbar,
number of pulses NL = 50000, laser fluence F = 2.5 J/cm2, and at temperature TS = 300°C. The transmission
measurements are shown in figure 5. The thickness of Zn0.96Ni0.01Al0.03O, Zn0.96Fe0.01Al0.03O,
Zn0.96Co0.01Al0.03O and Zn0.94Al0.05Mn0.01O films are 1.546 µm, 1.198 µm, 1.500 µm and 1.280 µm,
respectively.
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Figure 4 Transmission measurements for Ni doped Al:ZnO, Co doped Al:ZnO, Fe doped Al:ZnO, Mn doped
Al:ZnO films deposited at the parameters p = 10-3 mbar, NL = 10000, F = 2.5 J/cm2, TS = 20°C and glass (for
comparison)
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Figure 5 Transmission measurements for Ni doped Al:ZnO, Co doped Al:ZnO, Fe doped Al:ZnO, Mn doped
Al:ZnO films deposited at the parameters p = 10-3 mbar, NL = 50000, F = 2.5 J/cm2, TS = 30°C and AZO film
(2wt%) (for comparison)

136

Appendix D
Collaboration with other groups (company “Crystalsol”). Deposition on photovoltaic foils of Crystalsol.
Deposition of AZO on photovoltaic foils of Crystalsol.
We have taken AlZnO (4wt%) as a target and as substrate Foil P2080-1 [1]. The parameters are F = 3
J/cm², p = 10-3 mbar in O2, NL = 20000, TS = 25°C. The substrate was positioned out of center, because
maximal film thickness is below center of the substrate holder. No bending of the substrate is observed
after pulsed laser deposition.
The second deposition on photovoltaic foil of Crystalsol was performed with the same target and
substrate material and at p(O2) = 10-3 mbar, TS = 23°C, F = 2 J/cm2. The substrate was placed on Al piece
which was glued to Ni substrate holder. Al piece was tilted at 45° to the Ni substrate holder. The
deposition was made 5 times (each with NL = 4000). The foil was rotated on Al piece by 90° after each
deposition at depositions 1-4. At 5th deposition, Al piece was removed and substrate was placed on Ni
substrate holder.
Reference
1. http://www.crystalsol.com/
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Appendix E
Deposition of ZnO on Si wafer (Dietmar Roth and Prof. Peter Bauer)
The thin films are interesting and have interesting properties and ZnO thin film are deposited on many
substrates including Si. Here, the deposition of ZnO on polished side and unpolished of silicon substrates
is also demonstrated. The transmission measurements of ZnO thin film deposited on Si are also shown in
Figure 1. For deposition the parameters as pressure of 10-3 mbar in O2., fluence of 2 J/cm2 and at TS 0
20°C.
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Figure 1 Transmission measurements of Si and ZnO film deposited on polished and unpolished sides of Si.
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Appendix F
Collaboration works with other groups. Stoichiometry and elemental composition of ZnO and AZO films
analysis by Rutherford Backscattering Spectrometry (RBS) (Dietmar Roth and Prof. Peter Bauer)
Principle of operation of RBS
RBS defines a depth distribution in a material by determining the energy spectrum of backscattered ions.
The ions are directed onto the surface and backscattered at a certain angle and also lose a certain amount
of energy. These properties can be defined and employed to determine the depth profile, atomic
composition of the target and concentration of the atoms in the sample (figure 1)

Figure 1 RBS schematic [1]
Experiment and evaluation
Rutherford backscattering spectrometry (RBS) measurements were performed at the Department of
Atomic Physics and Surface Science of the JKU Linz using the van de Graaff accelerator AN700. It provides
mono-energetic beams of atomic and molecular H+ and D+ ions and He+ ions in an energy range of 30-700
keV. In the present study, 300 keV H+ and 400-600 keV He+ ions were used, respectively. The experiments
were conducted in a HV-chamber with a base pressure of 1.10-5 Pa. The chamber is equipped with two
semiconductor surface barrier (SSB) detectors: one LN2-cooled high resolution detector [2] situated at
150° in Cornell geometry (FWHM 1.8 keV) and one standard SSB detector at 155° in IBM geometry. The
low resolution detector features a larger solid angle and consequently better counting statistics.
The stoichiometry of ZnO was deduced from the surface heights [3] of the elemental peaks in both,
experiment and SIMNRA [4] simulations, making use of the surface energy approximation:
𝐻𝑍𝑛
𝐻𝑂

=

𝜎𝑍𝑛 (𝐸0 ) [𝜀0 ]𝑍𝑛𝑂
𝑐𝑍𝑛
𝑂
.
𝜎𝑂 (𝐸0 ) [𝜀0 ]𝑍𝑛𝑂
𝑍𝑛 𝑐𝑂

Here, Hi denote the measured surface heights, σi the differential scattering cross sections, [𝜀0 ]𝑖𝑍𝑛𝑂 the
electronic stopping cross section factors employing the surface energy approximation and ci the
concentrations of the elements Zn and O, respectively. Consequently, from the comparison of the height
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ratios of simulation (𝑐𝑍𝑛 = 𝑐𝑂 = 0.5) and experiment the experimental stoichiometry (initial value 50 %
Zn, 50 % O) can be evaluated with high precision via
𝐻
( 𝑍𝑛 )

𝑐
( 𝑍𝑛 )
𝑐𝑂 𝑒𝑥𝑝

=

𝐻𝑂
𝑒𝑥𝑝
𝐻𝑍𝑛
(
)
𝐻𝑂
𝑠𝑖𝑚

,

since the ratios of the scattering cross sections and the stopping cross section factors are close to unity
for all concentrations of interest.
In order to determine the stoichiometry of AZO the total areas of the elemental peaks Ai of Al, Zn and O
were used. For a two-element compound of elements A and B the average stoichiometric ratio reads
𝑐𝐵
𝑐𝐴

𝐴 𝜎 (𝐸̅ )

= 𝐴𝐵 𝜎𝐴 (𝐸̅) .
𝐴

𝐵

For very thin films, the initial ion energy E0 may be taken as mean energy 𝐸̅ ; for thicker films 𝐸̅ = √𝐸0 𝐸1
is a more adequate choice, where 𝐸1 = 𝐸0 − ∆𝐸𝑒𝑙 with ∆𝐸𝑒𝑙 representing the electronic energy loss of
the ion in the film [2]. This method can be adopted to analyze compounds consisting of more than two
elements. In AZO, e.g., the atomic fraction of Al, cAl can be calculated via
1
𝑐𝐴𝑙

=1+

𝑐𝑍𝑛
𝑐𝐴𝑙

+

𝑐𝑂
.
𝑐𝐴𝑙

The uncertainty of the resulting stoichiometry is mainly governed by Poissonian counting statistics. Since
the O peak of the ZnO film is not separable from the O signal of the PET substrate, possible systematic
errors due to background subtraction may increase the uncertainty in case of evaluation of the
composition via peak areas.

Results
Stoichiometry
Three different ZnO/PET samples each deposited at different O2 partial pressures (A: 0.01 mbar, B: 0.1
mbar and C: 0.7 mbar) were analyzed. Evaluation of the spectrum heights yields cZn: cO = 1.410, 1.041, and
0.818 for A, B, and C, respectively (7 % standard deviation). In Fig. 1 the atomic fraction cZn/cO is displayed
as a function of the O2 partial pressure. It becomes clear that cZn/cO exhibits an exponential dependence
of the O2 partial pressure during deposition with cZn/cO = 1 at pO2  0.17 mbar.
The investigation of the stoichiometry of the AZO sample via the total area of the elemental peaks yields
cAl:cZn = 0.0513, and cZn:cO = 0. 952 (7 % standard deviation).
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Fig. 1: Atomic fraction of Zn and O as a function of the O2 partial pressure during film deposition.

Thickness variation
To investigate a possible thickness inhomogeneity of the deposited ZnO film, Monte-Carlo simulations
using the TRBS code [5] were performed. In Fig. 2 both, experiment and simulation of 300 keV H+
scattered from sample B (60 nm ZnO on PET) are shown. The MC simulation has been convoluted with a
Gaussian to match the experimental detector resolution of 3 keV FWHM. The excellent overall agreement
between simulation and experiment makes it possible to draw the following conclusions: first, the low
energy edge of the Zn peak in the experiment is blurred indicating roughness of the ZnO film. Modelling
this roughness using SIMNRA [3] suggests a Gaussian thickness distribution with a relative FWHM of 27 %
of the mean ZnO thickness. Second, in the experiment there is a tail in the energy interval 260 keV and
240 keV (between the low energy edge of the Zn peak and the onset of the O peak), which is absent in the
simulation. Since multiple scattering is included in the TRBS simulation, this background has a different
origin. Possible candidates are roughness of the PET substrate or diffusion of the ZnO into the PET. This
tail is different for different samples. To find out which is the proper explanation further investigations
are required.
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Fig. 2: Monte-Carlo simulation of 300 keV H+ scattered from ZnO/PET.

References
1. http://web.mit.edu/aeroastro/labs/spl/pmi_research.html
2. M. Geretschläger, Nucl. Instr. Meth. B 204 (1983) 479.
3. J.R. Tesmer, M.A. Nastasi, handbook of modern ion beam analysis, Materials Research Society
(1995), Chapt. 4,5, 37-82
4. M. Mayer, Appl. Acc. Res. Industry 475 (1999) 541.
5. J.P. Biersack, E. Steinbauer, P. Bauer, Nucl. Inst. Meth. B 61 (1991) 77.

142

Appendix G
Collaboration works with other groups. ZnO thin film deposition by PLD on glass substrates for ion
irradiation (Prof. Khurram Siraj, Department of Physics, University of Engineering and Technology,
Lahore, Pakistan)
ZnO thin films were deposited on the glass substrates (size 10mm*10mm*1mm) in total 5 samples 8four
samples will be ion irradiated and one is for reference) by PLD together with Josef Patek. For the
parameters of PLD, laser fluence F = 2.5 J/cm2, pressure p(O2) = 10-2 mbar, NL = 7500 (to achieve thin film
thickness of 150 nm), TS = 300°C and repetition rate 10Hz were used. As a target pure ZnO ceramic target
was used. In figure 1, the transmission measurements of these samples are shown. They all are very
similar. In figure 2, XRD measurements on these thin films are shown. In XRD measurements, one can see
that FWHM of chi angle of (002) ZnO for fourth sample is wider than for other samples and the film color
for this fourth sample looks different from other samples.
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Figure 1 Transmission measurements of ZnO thin films on glass substrates.
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144

ACKNOWLEDGEMENTS
Univ. Prof. Dr. Thomas A. Klar to provide me great opportunity to do research and for completion of PhD
in Institute of Applied Physics , Johannes Kepler University, Linz, Austria.
A. Univ. Prof. Dr. Johannes D. Pedarnig for giving me guide, support and dedicated supervision during my
research program. I am very much thankful for any help provided by him to me.
Ao. Univ. Prof. Dr. Wolfgang Lang, Faculty of Physics, Electronic Properties of Materials, University of
Vienna, Austria for collaboration with ion irradiation experiments and observing commensurability
effects.
o. Univ. Prof. Mag. Dr. DDr. h.c. Nyazi Serdar Sariciftci, Dr. Lucia Leonat, and DI Dr. Assistant Professor
Markus Scharber, Johannes Kepler University, Linz Institute for Organic Solar Cells, Institute of Physical
Chemistry, Linz, Austria for collaboration with organic solar cells
a. Univ. Prof. Dr. Peter Bauer and DI Dietmar Roth, Johannes Kepler University, Institute of Experimental
Physics, Linz, Austria for collaboration with Rutherford Backscattering Spectrometry analysis
Prof. Andriy Savchuk and Dr. Serhii Savchuk, Department of Physics of Semiconductors and
Nanostructures, Chernivtsi National University, Chernivtsi, Ukraine for collaboration with Faraday effects
experiments in doped zinc oxide thin films.
Prof. Dr. Khurram Siraj, Department of Physics, University of Engineering and Technology, Lahore,
Pakistan for collaboration with experiments of ion irradiation of zinc oxide thin films.
Company “Crystalsol” for collaboration with Al doped zinc oxide deposition on photovoltaic foils.
Ing. H. Piglmayer-Brezina for technical support with photolithography, SEM, etc.
Ing. K. Haselgrübler for technical support with ion irradiation facility
Ing. A. Nimmervoll for help with electronic problems
B. Fragner for help with mechanical problems
Erasmus Mundus Program (Target II) for financial support
Coordinator of Erasmus Mundus Program Mohammad Saleh and all people from International Office,
Johannes Kepler University, Linz, Austria and particularly Christine Hinterleitner and Emma Huss for
support with documents and other things
All the coworkers and colleagues for every kind of help and support
And finally very thanks to all my family.

145

PUBLICATIONS: Meirzhan DOSMAILOV
1) Papers in Scientific journals
5.

“Transparent conductive ZnO layers on polymer substrates: thin film deposition and
application in organic solar cells”
M. Dosmailov, L.N. Leonat, J. Patek, D. Roth, P. Bauer, M.C. Scharber, N.S. Sariciftci, J.D.
Pedarnig, Thin Solid Films (submitted, January 2015)

4.

“Strong vortex matching effects in YBCO films with periodic modulations of the
superconducting order parameter fabricated by masked ion irradiation”
L.T. Haag, G. Zechner, W. Lang, M. Dosmailov, M.A. Bodea, J.D. Pedarnig,
Physica C 503, 75-81 (2014)

3.

“Selective growth of nanocrystalline ZnO nanowires on doped silicon”
R. Koenenkamp, R.C. Word, M. Dosmailov, J. Meiss, A. Nadarajah,
Journal of Applied Physics 102(5), 056103 (2007)

2.

“Pentagonal ZnO nanorods”
R. Koenenkamp, R. Word, M. Dosmailov, A. Nadarajah,
Physica Status Solidi-Rapid Research Letters 1(3), 101-103 (2007)

1.

“Single-crystalline ZnO Nanowires Grown on Silicon Wafers”
R. Koenenkamp, R. Word, M. Dosmailov,
Nanotechnology, Volume 2, Issue 17-20, pages 449-452 (2006). IEEE-NANO 2006. Sixth
IEEE Conference on Nanotechnology

2) Oral presentations at Scientific conferences
1.

“Strong vortex matching effects in YBCO films with periodic modulations of the
superconducting order parameter fabricated by masked ion irradiation”
L.T. Haag, G. Zechner, W. Lang, M. Dosmailov, M.A. Bodea, J.D. Pedarnig,
79th Annual Meeting of the German Physical Society DPG and DPG Spring Meeting, Berlin
(Germany), 15-20 March 2015

3) Posters at Scientific conferences
3.

“Ultrafast dynamics in highly doped plasmonic oxides”
W. Eder, J. Ziegler, M. Dosmailov, C. Hrelescu, J.D. Pedarnig, T.A. Klar
Joint Annual Meeting of Austrian Physical Society and Swiss Physical Society,
Vienna University of Technology, Vienna (Austria), 31 Aug.-4 Sept. 2015

2.

“Transparent conductive ZnO layers on polymer substrates: thin film deposition and
application in organic solar cells”
M. Dosmailov, L.N. Leonat, J. Patek, D. Roth, P. Bauer, M.C. Scharber, N.S. Sariciftci, J.D.
Pedarnig
79th Annual Meeting of the German Physical Society DPG and DPG Spring Meeting, Berlin
(Germany), 15-20 March 2015

146

1.

“Optical properties of metal doped ZnO thin films on glass and polymer substrates”
M. Dosmailov, J. Patek, G. Sbarcea, M. Girtan, A. Vlad, M.A. Bodea, G.V. Naik, A.
Boltasseva, T.A. Klar, J.D. Pedarnig,
Annual conference of the Austrian Physical Society ÖPG, Linz (Austria), 4-6 Sept. 2013

147

CURRICULUM VITAE: Meirzhan DOSMAILOV
Address Julius Raab Strasse 10/2426
A-4040 Linz
Austria
May 26, 1977
Biographical Data Birthdate
Birthplace Almaty, Kazakhstan
Citizenship Kazakhstan
Phone / e-mail +436645654257 / meirdosm@gmail.com

Education
-- MSc in Physics
Portland State University, Portland, Oregon, USA, from 2004 to 2006
-- MSc in Renewable Energy
Carl von Ossietsky University of Oldenburg, Oldenburg, Germany, from 2003 to 2004
-- MS in Applied Mathematics and Physics
Moscow Institute of Physics and Technology, Moscow, Russia, from 1998 to 2000
-- Bachelor in Applied Mathematics and Physics
Moscow Institute of Physics and Technology, Moscow, Russia, from 1994 to 1998
Positions
Johannes Kepler University, Linz, Austria
-- PhD student, from 2012 to June 2015
Kazakh National University, Almaty, Kazakhstan
-- Lecturer in Nonlinear Physics, from 2011 to 2012
Kazakh-British Technical University, Almaty, Kazakhstan
-- Engineer, from 2006 to 2010
Portland State University, Portland, Oregon, USA
-- Teaching Assistant, from 2004 to 2006
Institute of Biochemistry, Moscow, Russia
-- Laboratory Assistant, October 1998 to June 2000
Computer skills: C++, LabVIEW, Matlab
Languages: Kazakh (native), German, English, Russian
May 2015

148

